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SUMMARY
*fr* 2 4*
The cation exchange equilibrium of the A /B system (where 
A+ = Na+, H+ and B2+ = Mg2+, Ca2+, Sn2+, Ba2+) has been studied. 
Attempts have been made to fit the experimental results with the 
statistical thermodynamic treatment to the uni-bivalent exchange 
system, but due to inevitable experimental errors and resin 
degradation this was unsuccessful. This theoretical approach, which 
has been developed in these laboratories, predicts that linear plots 
of
Ln V XA fA
f'BJ
against
XB or XB [1 + (Xg - XA) + (Xg - XA)2 + (XB - XA)3]
should be obtained.
After thorough analysis of the above treatment, some criticism of 
the theory has been made.
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CHAPTER A
INTRODUCTION
A.1 Historical Perspective
Almost from the beginning of history, man’s efforts to understand 
his environment and to change it to his benefit have been frequently 
linked to the separation of chemical substances. Ion-exchange is a 
good example of this continuing human endeavour.
It has been said that a reference to ion-exchange may be found as 
far back as biblical times when ’Moses cast a tree into the bitter 
waters, and the waters were made s w e e t . I f  the tree which Moses 
used was dead, and if part of its cellulose had been oxidised so as to 
form carboxyl groups, it is possible that this bitterness was removed 
by an ion-exchange reaction:
Mg2+ + SO*2' + 2RC00H ■ * Mg(RCOO) 2 + 2H+ + SCV:_
followed by a neutralisation of the resulting sulphuric acid by deposits 
of limestone,
2H + SOi*2 + CaC03 ->■ CaSOi* + H2O + CO2
2
About one thousand years after Moses, Aristotle suggested that by
filtration through certain sands, sea water loses part of its salt.
\
Ion-exchange processes were first studied scientifically only in
the middle of the last century, in connection with investigations of
3 4.
the properties of different soils. Thompson and later Way , two 
English agricultural chemists, observed that calcium and magnesium ions, 
present in certain types of soil, could be exchanged for potassium and 
ammonium ions. In the first decade of this century, R. Gans was a 
leading exponent of the application to industrial problems of both 
natural and synthetic zeolites as ion exchangers.
An important advance was made in 1935 when Adams and Holmes^ 
published the first paper on the synthesis of ion-exchange resins.
Although these resins are of little practical value today, their paper 
is very important because it pointed the way to the synthesis of other 
and much better resinous ion exchangers, so that 1935 may be said to 
mark the beginning of modem developments in ion-exchange.
Today, ion-exchange is an important purification operation in 
chemical industries, and a valuable supplement to other procedures such 
as filtration, distillation and absorption. Among many ion-exchange 
applications, the most important are still the softening, demineralisation 
and desalination of water. The present large and ever-increasing 
literature on ion exchangers shows the great importance of this subject.
Since the process of demineralisation by ion exchangers is a simple 
way of removing organic and inorganic ions from water, it offers a 
potential method for removing ionic pollutants from water and of 
concentrating them into a small volume of solution. Ion-exchange can 
therefore, on occasion, provide a useful method of pollution control.
One advantage of ion exchangers is that the regeneration process is 
often simple, so that the exchangers can be re-used many times. Although 
they are subject to fouling by clogging with large or polymeric ions, 
this can usually be rectified by suitable chemical treatment.
In spite of the indication of this long history of ion-exchange 
which has been illustrated, the theory of ion-exchange is of more recent 
origin. This recent phase of theoretical study owes much of its success 
to the development of ion-exchange resins. At first the purely 
empirical bases were established and these have led gradually to more 
conprehensive and consistent theories.
A. 2 Definitions
Ion-exchange is essentially a reversible chemical process in which
mobile hydrated ions of one charge type (i.e. cations or anions) of a
solid are exchanged, equivalent for equivalent, for ions of like charge
*
in solution - the counter ions. The charge of the counter ions inside 
the solid is neutralised by fixed charged groups, attached to the solid 
matrix, Fig. 1. The mobile ions in the system with an opposite charge 
to the counter ions are called co-ions. Cation exchange occurs when the 
fixed charged groups (functional groups) of the exchanger are negatively 
charged, while anion exchange occurs when these functional groups are 
positively charged.
Ion-exchange equilibrium is eventually attained when an ion
exchanger is placed in an electrolyte. solution containing a counter ion
which is different from that in the exchanger. The general exchange 
* *
reaction is
_|ZA| |z I ,|ZA I J Z  |
ZgA A + ZaB B ZgA + zaB (A: 2:1)
where the barred formulae denote species in the exchanger phase, and
is the charge of counter ion species i. The equivalent ionic fractions 
of counter ion B, for exanple, in the solution and in the ion exchanger 
phase for this system are defined by
X. ZBmB ^ ZB™B
B ZB™B + ZAmA ’ V '  +  ZAfiA
This definition excludes liquid ion-exchange which is a similar 
process, but since it is not the subject of this thesis, it may 
be ignored for present purposes.
This definition is restricted to a system of two counter ions.
yFig« 1 Schematic representation of an ion-exchange resin
linear polymer chains
0 fl cross-linking bonds
#  counter ions 
 O  fixed ionic groups
respectively, where again the barred formulae are related to the 
exchanger phase, and nr is the molality of counter ion species i.
When a dry ion-exchange resin is placed in an aqueous solution, it 
imbibes water and consequently swells. The water enters the resin to 
solvate both the resin-fixed ions and counter ions; the swelling that 
results is opposed by the cross-linking of the resin matrix, thus the pore 
solution is under a higher pressure than the external solution. The 
pressure difference between the pore liquid and the external solution is 
called the ’swelling pressure1.
In the process of mixing an ion exchanger with a dilute aqueous 
solution of an electrolyte containing the same counter ion as in the 
resinate, the fixed charges on the resin matrix are not free to diffuse into 
the external aqueous solution, and the resinate phase is usually more 
concentrated than the external solution, with regard to the counter ion.
So the resin counter ions tend to diffuse into the external solution to 
equalise the concentration of these ions in the two phases. Similarly, 
the aqueous phase co-ions tend to diffuse into the resin phase. But such a 
redistribution of ions of one charge in the aqueous phase and of the other 
charge in the resin phase leads to violation of the electroneutrality of 
the two phases and a potential difference, the Donnan potential, is 
produced. An equilibrium, the Donnan equilibrium is established in which 
the tendency of the ions to level out the existing concentration 
differences is balanced by the action of this potential difference.
Migration of just a few ions is sufficient to build up such a strong 
electric field as to counteract any further migration. Therefore for all 
practical purposes, the condition of electroneutrality may be considered 
as still valid.
The Donnan potential has one immediate consequence for electrolyte
sorption; it repels co-ions from the ion exchanger and thus prevents the 
internal co-ion concentration from rising beyond an equilibrium value 
which is usually much smaller than the concentration in the external solution 
Co-ion uptake and electrolyte sorption are equivalent because of the 
electrolyte neutrality requirement. The Donnan equilibrium is a unique 5 
feature of electrolyte sorption by ionic sorbents.
A.3 Selectivity and its Expressions
If an ion exchanger was placed in an aqueous solution containing two 
species of exchangeable ions, after equilibrium these species would not 
generally be held equally strongly by the exchanger, although they would 
exchange in stoichiometric quantities. Thus the relative concentrations 
of the species in the exchanger will differ from their relative 
concentrations in solution. This phenomenon is called selectivity.
Selectivity, of course, is the most important aspect of ion-exchange; 
it is the basis of the usefulness of ion exchangers. Selectivity can 
arise from one or several factors, the operation of which is as yet 
imperfectly understood. However, enough is known to make use of them in 
predicting ion-exchange equilibria in a qualitative way.
The selectivity of the system of two counter ions shown in Eqn (A: 2:1) 
may now be defined in a number of ways:
(a) The ion-exchange isotheim
The ion-exchange isotherm is a graphical expression which shows the 
ionic composition of the ion exchanger as a function of the experimental 
conditions. It is usually defined by
XL = f(X^ ) 0 < X^ £ 1 (Constant T, P and total counter
ion equivalent concentration of 
external solution, C)
The curvature of the isotherm reflects the preference for the 
corresponding ion. Fig. 2(a) shows an isotherm which is negatively 
curved and lies above the diagonal so that ion B is preferred by the 
exchanger. For a hypothetical system in which the ion exchanger shows 
no preference for either A or B ions, the ion-exchange isothenn at 
equilibrium is linear and is the diagonal in the isotherm diagram. The 
isotherm dependence on the total equivalent counter ion concentration, 
i.e. X^ = f (XpC), can be represented three-dimensionally, in which case 
the isotherm is a curved surface, Fig. 2(b).
(b) The separation factor
BThe separation factor aA is defined by
B _ XAXB = C ACtB = mA^B 
^AXB ^ A C,B W b
D -  r> _  J3 ■ _  D c A . 7 . 1aA -  ^----  = -  (A: 3:1)
In eqn (A: 3:1), C 1^  represents the molarity and nu the molality of 
Bspecies i. is the quotient of the concentration ratios of the two 
counter ions in the ion exchanger and in the solution. Eqn (A: 3:1) and 
Fig. 2(a) show that the separation factor is obtained from the ratio of 
two rectangular areas (I) and (II) which touch the isotherm at the 
corresponding point.
The value of the separation factor is greater than unity when 
ion B is preferred, and smaller than unity when A is preferred.
1.0
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gig- 2 Ion-exchange isotherms
(c) Distribution coefficient, D^.,
\ i
This may be defined in terms of molarity of species i by
C! : X.C
»<;. = c[ = r c  (A: 3:2)
It is a particularly useful coefficient when Cj «  C and Cj «  C, 
because the corresponding section of the isotherm is practically linear, 
and in this range the distribution coefficient is generally independent 
of Xr
(d) Selectivity coefficient
For the purpose of the numerical comparison of the selectivity 
of different species, and for theoretical studies, the most convenient 
function is the selectivity coefficient. The molal selectivity
coefficient K is defined by
A ■ ;
-  Iz-\l iz»l
K B = — ---— --- (A: 3:3)
A _ |ZB| |Z | 
mA mB
B
where the symbol K with two suffixes pertains to a reaction where the
A
upper suffix ion, B, displaces from the ion exchanger the lower suffix 
ion, A. This equation is obtained by applying the mass-action law, 
without activity correction, to eqn (A: 2:1). Molarities or equivalent 
ionic fractions may be used instead of molalities to define molar and 
fractional selectivity coefficients respectively:
Selectivity coefficients are not true constants, but depend on the 
experimental conditions. For ions of equal charge (ZA = Zg), the 
numerical values of these selectivity coefficients are identical, i.e.
= Kc'I = ’ (za  = zb)
In heterovalent exchange systems the numerical value of the selectivity 
coefficient depends on the choice of the concentration scale. The 
general relationship is
K Bm.
mA
zb I - I za 1
= Kri
B A
A
zb I H za I
= KBA
XA
ZB* "I za *
(Zg"* ZA) (A: 3:6)
The selectivity coefficient is the net result of all interactions, in 
both exchanger and solution phases, that give rise to selectivity. Thus 
the selectivity coefficient represents in a quantitative way the relative 
ionic compositions of the exchanger phase and the solution phase at 
equilibrium. Any value of selectivity coefficient that is different from 
unity measures the relative preference of the solution and exchanger 
phases for the two competing ions.
Another selectivity coefficient which is called the rational 
selectivity coefficient is more convenient for certain purposes. This is 
defined by
Here the ion concentrations of the ion exchanger phase are expressed as * 
equivalent fractions, whereas solution phase concentrations are molalities. 
If in eqn (A:3:7) molalities are substituted by their activities, the 
corresponding term is called the corrected rational selectivity 
coefficient which may be written as follows:
X |Za ! |zb I
KaB = B , . A . . ; ai = V i  (A: 3:8)
A _ |Z | |Z | x 1 1
XA aB
(e) The thermodynamic equilibrium constant
The thermodynamic equilibrium constant is defined by
BICp , or simply Krp , = exp
A 1
/ m m
jh AG°
RT
(A:3:9)
where AG° is the standard free energy change of the exchange (A: 2:1) and 
of the accompanying sorptions. If electrolyte sorption and changes in 
swelling of the exchanger can be neglected, the thermodynamic equilibrium 
constant is:
- lzAl
K_ = — ----— —  O\:3:10)
1 - I zbI IzaI
aA aB
The thermodynamic equilibrium constant is a true constant, depending only 
upon temperature and representing an integral quantity for the complete
exchange isotherm,unlike the selectivity coefficient which corresponds 
to a single point on the isotherm.
In the various thermodynamic treatments, activity coefficients are 
introduced to account for the effects which are not represented in the 
model; therefore the physical significance of the thermodynamic 
equilibrium constant is dependent on the properties of the model. 
Obviously, the numerical value of this constant depends on the choice of 
standard state. It is very important to note this fact, because different 
authors have presented this constant in teims of different standard 
states.
When the molal scale is used for both the ion exchanger and 
external solution, the corresponding thermodynamic equilibrium constant 
is called the molal theimodynamic equilibrium constant. When the molal 
scale is retained for the external solution but the rational scale is 
used for the exchanger, the corresponding thermodynamic equilibrium 
constant is called the rational equilibrium constant.
A. 4 The Causes of Selectivity
The following are some of the factors which determine selectivity.
(a) Electroselectivity
The magnitude of the charges of the counter ions has a strong 
influence on ion-exchange selectivity. This effect is purely electro­
static.
With the substitution of molarity concentrations Cj in eqn (A:3:4) 
by corresponding equivalent ionic fractions the following equation 
is obtained:
where C is the total counter ion equivalent concentration in the solution, 
and <f> is the wet volume capacity of the exchanger (equiv. dm" 3 of swollen 
exchanger) , neglecting any small changes in the swelling during the 
exchange process.
Eqn fA:4:2) shows that in a heterovalent ion-exchange system,
selectivity depends on the charges of competing ions, and is increased for
*
the ion of higher valence. Eqn (A:4:2) also shows that selectivity for 
ion B increases as the external solution concentration decreases and as 
the internal electrolyte concentration of the exchanger (i.e. as the
An alternative demonstration of this effect, when the electroselectivity 
factor predominates over other factors is as follows: Fig. 2 shows that
Xg > Xg for 1 > XB, XB > 0 because the isotherm is entirely above the 
diagonal; similarly X^ < X^ because the isotherm of X^ = f(X^ ) is 
entirely below the diagonal; so eqn. (A:4:1) can be written as follows:
Krt
B
A
V i
Izb I
XB .  ,
|zAl c- >1
XA
> 1
XB
•
zb I - I za I
B •It is evident from this equation thatKr, increases with increasing |ZR|
L A *
cross-linking, or concentration of fixed ionic groups, which is reflected 
in < p) increases.
The electroselectivity effect is readily explained in terms of the 
Donnan potential. The Donnan potential attracts counter ions into the 
ion exchanger and thus balances their tendency to diffuse into 
the solution. The force with which the Donnan potential acts on an ion 
is proportional to the ionic charge, and the magnitude of the potential 
depends upon the difference in concentration between the two phases; 
thus the preference is for the ion of higher charge, and this increases 
with increasing dilution of the external phase.
(b) Ionic solvation and swelling
Mich research has been done on the subject of water structure and
ion solvation, but "the structural nature of liquid water is still
controversial. The structure is not random, as in liquids consisting of
more-or-less spherical non-polar molecules; instead, it is highly
structured owing to the persistence of hydrogen bonds.... In an
attractive, though not universally accepted, model of liquid water, the
liquid consists at any instant of an imperfect network, very similar to
the network of ice I, but differing in that (a) some interstices contain
water molecules that do not belong to the network but, instead, disturb
it; (b) the network is patchy and does not extend over long distances
without breaks; (c) the short-range ordered regions are constantly
disintegrating and re-forming (the ’flickering clusters'); and (d) the
6
network is slightly expanded compared with ice J."
The complexity and the diversity of ion-exchange behaviour in 
aqueous solutions is undoubtedly due, in part, to the unusual nature of 
water. The tendency of water molecules to bond to each other, the effect
which solutes have on the water structure, and the structure of the water 
in the resin phase should all be taken into account in considering ion- 
exchange equilibria.
Spectroscopic studies on the nature of water inside the resin have
been made recently. Some information of this nature has been obtained by
• 7 8 qproton magnetic resonance studies. \ Studies by infrared spectroscopy
can differentiate between unionized sulphonic acid in the dry resin and 
the dissociated acid in the hydrated form. These studies show that 
hydrogen bridges link the water molecules with sulphonic acid groups.
All ions, merely by virtue of carrying a charge, tend to attract and
to orient the dipolar water molecules around them. The extent to which
this occurs depends upon the size, charge and electronic structure of the
ions. Such ion hydration can be thought of as spreading out the charge of
the ion over a large volume, that is, lowering its electrostatic free
energy. If the ion is very small and the charge is large, it can break up
the water structure, and the water molecules will be arranged around the
ion. In some cases the ion fits into the water network without breaking,
10 11its structure to any appreciable extent. Chu et al. pointed out that
the water in the resin phase may be less structured due to the confines of 
the resin matrix; this water is, on average, hydrogen-bonded to fewer 
neighbouring water molecules than in a dilute aqueous solution or in pure 
water.
Some earlier theories took into account the radii and ionic volumes of
12 13the hydrated ions in order to explain selectivity. 9 Large counter ions 
ion-exchange resins cause greater swelling and higher swelling pressures 
than small ions. The resin matrix, being elastic, stretches more to 
accommodate a large ion than it does for a smaller ion and, because of its 
elasticity, the matrix resists the expansion forced upon it. It can do so
by exchanging a large counter ion for a small one. Thus the ion exchanger 
should prefer the counter ion with the smaller solvated volume. This 
prediction seems to be correct in sane cases.14 Because this is an 
effect of the elasticity of the resin matrix, it is more pronounced when 
the matrix is highly strained; consequently, the selectivity increases 
with increasing cross-linking of the exchanger.
Competing counter ions, of course, seek maximum solvation, but that 
ion which can achieve the greatest lowering of its free energy by 
solvation determines the course of the exchange, when ion hydration is 
the predominant effect. The other ion is then pushed into the phase of 
poorer solvation, generally the exchanger phase, minimising the free 
energy of the system as a whole.
(c) Specific interactions within the exchanger
In many ion-exchange systems the selectivity results mainly from 
specific interactions in the exchanger. These are the interactions 
between counter ions and fixed ionic groups, between counter ions on 
neighbouring sites, and interaction of fixed groups with co-ions. These 
interactions may lead to ion-pair or covalent-bond formation or they may 
remain essentially electrostatic.
When the ion-exchange is governed by interaction between the counter 
ions and the fixed ionic groups, then the counter ion which forms the 
stronger ion-pairs or bonds with the fixed ionic groups is preferred by 
the exchanger. Examples are the preference of weakly acidic resins for 
the hydrogen ion, and the high selectivity for potassium of resins with 
functional groups resembling those of dipicrylamine. The preparation of 
’specific1 ion exchangers with outstanding selectivities for one or more 
given counter ions is based on the effect of interactions with the fixed 
ionic groups.
Coulombic interactions are the electrostatic interactions of ions 
which are regarded as charges situated on spherical nonpolarizable 
particles. The energy associated with this kind of interaction is 
proportional to the product of the ionic charges and inversely proportional 
to the distance between them. A polarizable ion should be regarded as 
dipolar; and an ionic group which consists of a number of atoms should, 
in fact, be treated as a system of point charges which, to a first 
approximation, could be regarded as a single point charge. As a result, 
the ion exchanger prefers the counter ion of higher valence and smaller 
hydrated radius; when these factors are equal for two ions, the more 
polarizing is preferred.
In certain cases there is an interaction between the resin matrix
and the counter ions, when the latter are organic groups which resemble
15the components of the matrix. This interaction may be the result of 
London-type dispersion forces, and its strength increases with 
increasing size of the organic groups of the counter ions.
(d) Interactions in solution phase
Ion-exchange equilibria are strongly affected by interaction of the 
counter ions with other components in the external solution. When a 
counter ion in the solution phase forms either a weakly associated 
aggregate or a complex with the co-ion, it will be less preferred in the 
exchanger phase sirrply because of the lowering of its activity in the 
external solution. Exchange equilibria will be affected not only by the 
degree of complex formation but also by the ionic charge of the complex 
formed. By the use of these effects, certain ion-exchange resins have 
been employed in the field of chromatography, in the separation of the 
rare earths on a preparative scale, and of many other metal ions in 
analysis. Another example of such interactions is the precipitation of
the counter ion from the solution, but inhibition of the ion-exchange 
process itself may occur if the precipitate clogs the pores at the 
surface of the ion exchanger.
(e) Non-uniformity of exchange sites
Most theoretical approaches to ion-exchange selectivity have
involved the assumption that all sites of the exchanger behave in an
identical manner as regards selectivity. There is, however, some evidence
to suggest that the sites behave non-uniformly. Walton^ indicated
the existence of more than one chemically distinct type of exchange
20grouping in Zeo-karb. Spinner et al pointed out that non-uniformity
may be observed even when the sites are considered to differ in environ-
21mental, rather than in chemical, nature. Reichenberg and McCauley, on 
the basis of the effect of non-unifoimity of the cross-linking, assumed, 
in principle, that there will be a wide and continuous variation of the 
degree of localised cross-linking, but for a qualitative discussion they 
divided the sites of the same resin into three groups: those in which 
the fixed groups are found in regions of (a) lower, (b) medium, and (c) 
higher, cross-linking. Non-unifoimity, of course, complicates the model 
and any theoretical predictions based upon it.
A. 5 Theoretical Approaches to lon-exchange Equilibrium
Equilibria between ion exchangers and solutions are generally 
described either by means of rigorous thermodynamics or by the 
introduction of a model to assist the understanding of particular aspects 
of ion exchange behaviour.
The rigorous thermodynamic treatment requires no model, and yields 
a minimum of information about the physical causes of the phenomenon, 
thus it does not provide a basis for predicting equilibria. In addition, 
its practical value is sometimes restricted because in many cases the 
quantities involved cannot be determined experimentally .
Various models with particular characteristics resembling those of 
the ion exchanger have been postulated. The more refined and complex the 
model, the more information may be obtained. The equations obtained in 
this way reflect the properties with which the model has been endowed; 
thus the effect of particular properties on the behaviour of the system 
can be analysed. In fact, many such theoretical models have been 
developed; these different models, when used to explain the same
phenomenon, may well attribute the observed effect to quite different
. ’ ■ 22 
causes. Here it is appropriate to quote some words of Helfferich:
"A theory cannot be dismissed a priori as fallacious if the treatment 
is consistent, i.e. if no contradicting assumptions are made, no necessary 
consequences of the postulated model are omitted, and no effect is counted 
twice,,,, The behaviour of ion exchangers in general depends on factors
of an almost overwhelming variety. In any particular system, one or other 
of these factors may be the most important, and, accordingly, one or other 
theory is the most appropriate. The ideal theory would be universal, 
using only known or accessible fundamental data. For equilibria with ion 
exchangers, such a theory does not exist, and if it could ever be 
developed, it would be (to quote Glueckauf) an 'elephantine affair of 
unmanageable complexity',"
The first attempt to describe ion-exchange equilibria by a
■ *
theoretical equation was made by Kielland, who introduced the use of 
solid-phase activity coefficients. He followed Vanselow2  ^ in treating
the heteroionic form of the ion exchanger as a solid solution of the 
components AZ and BZ (Z symbolized a structured unit of the zeolite). 
However, Vanselow had equated the activities of the solid components AZ 
and BZ to their mole fractions in the solid, whereas Kielland proposed 
the following semi-einpirical equations for the activity coefficients of 
solid phase for uni-univalent exchange:
loSio^AZ = ^BZ ; logl0^BZ = ^AZ
Here, represents the mole fraction of component iZ in the solid, 
f^z is the corresponding rational activity coefficient, and C is a 
constant for each particular system.
The following relationship for the rational thermodynamic equilibrium 
constant for the process (A; 2 :1 ), when 1 ^ - 1 ^  = 1 , is obtained:
logioKj, = logi0KaB + C(N^ - N|z) (A: 5:1)
Eqn. (A: 5:1) is inadequate for the representation of equilibria involving
ion-exchange resins because the assumptions leading to the use of rational
■ 2Sactivity coefficients do not hold.
26The model of an elastic matrix, introduced by Gregor applies the 
concept of the Donnan equilibrium. This model leads to the following 
relation for the molal selectivity coefficient for (A :2:1):^
I za I -  I zb IY y
LnK/ = Ln — ---   + Ln — ---- + —  (|2.Jv. - |Z.|vR) (A:5:2)
A |ZB| |ZA| RT B A A B
YA yb
where
Y -  is the molal activity coefficient of species in the resin;
is the molal activity coefficient of species i in the 
solution phase;
7r is the swelling pressure of the exchanger; 
is the partial molar volume of species i.
In his application of the model, Gregor assumed that solvation is
one of the most important factors which determine ion exchange equilibria.
The components of the system were chosen to be the solvated counter ions,
the free solvent and the matrix with solvated fixed ionic groups. In
systems where the selectivity could not be explained by swelling pressure,
28Gregor and co-workers postulated ion-pair formation in the ion exchanger 
and applied the mass-action law to this ion-pairing. Their distinctions 
between free solvent and solvent found in solvation shells, and between 
associated and free counter ions, were arbitrary.
29 30An attempt was made by Boyd and co-workers 9 to overcome the
arbitrary approach by Gregor. They allowed the solvation effects to
become reflected in the activity coefficient of the ions in the resin
30phase. They applied the Gibbs-Donnan equation to measurements of 
equivalent water content and volume of highly cross-linked resin samples, 
to evaluate the first two terms of equation (A: 5:2). Their method is 
theoretically important but requires a large number of measurements to 
be of practical use.
31Glueckauf has employed the Gregor model, using osmotic coefficients 
$A> *B of the weakly cross-linked resin in the mono-ionic AR and BR forms 
respectively; these osmotic coefficients were obtained by measurement of 
the water vapour sorption of the respective resinates. From these 
osmotic coefficients the activity coefficient ratios of the monoionic 
resinates was estimated using the semi-empircal relationship
oL n  - o  2^AR " (A:5:3)
yBR
where yAR and refer to the activity coefficients of AR and BR resins
respectively. Also by use of Hamed's rule the activity coefficients of 
the resinates in the mixed form (containing both A and B) were 
calculated.
the cation exchange resin to be a series of randomly distributed negative 
point charges with the cations held at an average distance equal to their 
distance of closest approach. He considered that the standard free 
energy of exchange would be governed by the coulombic interaction energy 
between the resin fixed group and the hydrated cation. It has also been 
assumed that, for dilute solutions, the activities of the cations not 
associated with the resin are equal to their concentrations. On the 
basis of the above assumptions, considering the equation
at the distance of closest approach, this ion-exchange process can be 
split into the following processes
3?
A very simple model has been proposed by Pauley who considered
A+ + B+R' (A: 5:4)
4* M 4*
where A R and B R are the pairs of fixed ionic groups and counter ions
B+ + R' (A: 5:5)
and
A+ + R” = A+R (A:5:6)
Applying the Coulomb law to (A: 5:5) and (A: 5:6 ), and integrating the
corresponding differential equations from the distance of closest 
approach of the hydrated cation and the fixed anionic group to infinity, 
the free energy change accompanying each process is obtained. The 
difference in these two energy changes is the overall energy change for 
the exchange process (A:5:4)
preferred by the exchanger, and a linear relationship should exist
but in general the model is too simple to account for most data.
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Eisenman took into account electrostatic interaction between the 
counter ion and the fixed groups, which are treated as nonpolarizable 
point charges, as well as the free energies required to remove or 
rearrange enough water molecules from the fixed group and the counter 
ion to permit contact or close approach of these two species.
3 5
Harris and Rice assumed the existence of both electrostatic
.o e2fl 1AG (A: 5:7)
where
e is the electronic charge;
D is the dielectric constantof the medium;
a? is the distance of closestapproach between species i and
the fixed ionic group.
It follows directly from this expression that
e2 [1 1 '
» r
(A: 5:8 )
According to (A: 5:8) the counter ion with the smaller a0  value is
.
between LnKj, and 1/a^ . This has been shown to hold for a few systems,
repulsion between neighbouring fixed groups and ion-pair formation 
between ions and fixed groups. They also assumed that the concentration 
ratio of free counter ions A and B in the ion exchanger is the same as 
that in the external solution. This model has been applied only to 
res ins with moderately high degrees of cross-linking, and to uni-univalent 
exchange systems. The molal selectivity coefficient which they obtain is 
as follows:
K b i + t y ( N + +  m  (A.5.9)
mA KBR/KM  + [nR/(N + nR)l[(KBRCA/KM CB + D / C C ^  + 1)]
where
is the intrinsic dissociation constant of the ion pair iR, 
for the equilibrium (ion-pair) ^  (fixed ion) + (counter ion^ ) ; 
is the concentration of species i in the external solution;
N is the total number of sites in the exchanger;
n^ is the number of unpaired fixed ionic groups.
This is generally not entirely in agreanent with experimental observations,
because the predicted and observed dependence of selectivity on exchanger
■ ' • ' ,  36capacity appear to be reversed.
The abstract thermodynamic approach has been applied by several 
37-39workers and has been presented in its most complete fom by Gaines 
and Thomas.^ Their treatments consist essentially in the calculation 
of the thermodynamic equilibrium constant and the activity coefficients 
in the exchanger from experimental measurements of the selectivity 
coefficients under various conditions, for which the Gibbs-Duhem 
equation is used. One example of the Gaines-Thomas method is quoted from
41 *the work of Munday:
"The standard states for the exchanger were taken to be the pure 
exchangers in A and B forms in equilibrium with infinitely dilute 
solutions of the pure salts AX and BX (i.e. pure water). The standard 
state for the water was defined such that its activity at equilibrium 
was the same in all three phases, exchanger, liquid and vapour. For 
the electrolytes in solution the standard state was the 'hypothetical 
ideal molal solution’ ' in which the solute has a mean activity 
coefficient of unity at atmospheric pressure and at all temperatures.
The chemical potentials of the exchanger components A and B are 
therefore given by:
5a  = 5" + RTLnxAfA
yB + RTLnXgfg
At equilibrium, the chemical potential of the water is the same in all 
phases, and the change in free energy of the exchange process is zero.
The Gibbs-Duhem equation can be applied to the exchanger phase to
give
n^ RTdLnx^ f^  + i^ RTdLnXgfg + nwRTdLnaw = 0
*
Some of the notation of the original has been changed for 
convenience; note that the quotation refers to the 
following exchange equilibrium
Z A ZR _Zt» Z-n
2ba +zab -  V  +zab
\diere barred formulae denote the species in the exchanger phase.
where subscript w refers to the water component. Cancelling the
Z Z 'A Band multiplying throughout by - —■■ -   yields
AnA BnB
^AnA - ZBnB - -------- ZBdLnxAfA  ^ ■ • ZAdLnxBfB
ZAnA + Zb”b : ZAnA +
n Z.Z.,. w A B j j  _  „  + -— •— — —  • dLna^ = 0
Z.n. + " ~AnA + ZB ^
or
• • ZBxAdLn*AfA + ZA^BdLn^BfB + * dLnaw " 0
AnA + BnB
Separation of the logarithmic terms and rearranging gives
_  _  Zn z a n Z Z
ZBdxA + Za c£ b + xAdLnfA + XgdLnfg +
ZAnA + ZB^5
Equation
The rational thermodynamic equilibrium constant is defined by
_ W  ’H V  A _ „ A / B= K
—  Z  A Z "D 3-t) Z .
(xBfB) • ( V a) fB
ZB , ZA‘. LnKj. = LnK + Lnf^ - Lnfg
Z Z
0 = dLnK^ + dLnf^ B - dLnffi A  Equation
RT terms.
dLna = w
3.11
3.12
Combining equations 3.11 and 3.12 results in the relations
Z.'BdLnf’A
Z
- - (Zg - ZA) dx^ + x^ dLnK AdLnf,B
“B ZAnA + ZB"B
These expressions are then integrated. In the case of zeolite exchangers, 
however, the water activity term can be neglected. Swelling in these 
exchangers is small or insignificant, and if dilute solutions are used 
for exchange, the error introduced by neglecting the water activity terms is 
of the order of 5 cals/gm equiv. in free energy, which is negligible when 
compared to the experimental errors involved.
Integration then gives
Z-
LnfA
'B
(ZB "
Equation 3.13
Z
Lnf, A (ZB - ZA)xA +B
K A = M  when x. = 0  
;1B A
Equation 3.14
^  LnK4  + L n f /  - Lnf.LB
Equation 3.15
- ■ . ( V - z A) . +
o
LnKAdxA
B
Equations 3.13 and 3.14 may be transposed to give the more useful forms
B
log fA B = 0.4343(Zb - ZA)xB - x B  log /  +
B o
l o g K ^ B
l°g fA B = 0.4343(Zb - ZA)xB - log /  + xA log KgA + log KaAdxA
B B B
Equation 3.16
and
X,
log fB A = -0.4343(Zb - Z A ) x A  -  x A  log K A
X>
log K AdxA 
B A
Equation 3.17
log Kp - 0.4343(Zg - Z^ ) + log K dx^ Equation 3.
Equations 3.16, 3.17 and '3.18 are then all expressed in terms of the
A —experimentally determined quantities log K and x , and the integrals 
may be evaluated easily from a plot of log K^ versus
In practice, for reasonable accuracy in the integration, a large 
number of equilibrium data over a wide range of xB is required.
A
Although in general the measurement of K corresponding to the extreme 
parts of the integration is not practicable, especially when the 
corresponding isotheim is steep. In addition K ^  is theoretically 
indeterminate at the limits of integration.
The statistical theimodynamic approach was developed by Jenny^ for 
exchange by colloidal aluminosilicates as early as 1932. Davis ^  later 
extended Jenny’s ideas to obtain an expression for the selectivity 
quotient. The Jenny and Davis approaches apply to two dimensional 
adsorption and are therefore not strictly applicable to resinous exchangers.
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In 1956, Barrer and Falconer developed a statistical thermodynamical 
model for uni-univalent exchange in zeolites. Their model was based upon 
the following assumptions:
(a) When two entering ions, B, occupy adjacent sites in an A-rich 
lattice, an additional change in the energy of the crystal 
occurs.
(b) This change is negligible when ions A and B occupy adjacent 
sites relative to the state when two A ions occupy adjacent 
sites.
(c) The change in energy is additive with respect to the number 
of pairs B, B, independently of whether these occur in clusters 
or singly.
(d) Apart from this energy change, all other energy changes and 
their effects oh the partition functions of ions A and B in 
the framework, and of the framework itself, are neglected.
(e) The distribution of ions on sites is random.
(f) The amount of intracrystalline water is unaltered by exchange.
Assumptions (b), (c), (d), (e) and (f) are introduced to minimise the 
complications of calculation.
The additional energy occurring when two B ions occupy adjacent sites
was set equal to ~  , where w is an energy term, and z the co-ordination
number of any site. The number of these pairs for the random distribution
2was assumed to be zNg/2N, where N is the total number of available sites 
and Ng is the number of ions of type B in the exchanger.
The complete partition function was then set up for the mixed 
crystal as follows:
N!
Q =
an:na ’nb!
jA(T)exp A
kT
N,
jB(T)exp h
kT
NA
exp -
NkT
(A; 5:1 0 )
where NA and AN denote respectively the total number of ions, A, and the 
number of vacant sites, jA(T) and jB(T) are the partition functions of 
ions A and B in the exchanger. EA and Eg are the energies of these ions 
in the exchanger relative to their energies in a convenient reference 
state, and excluding the additional energies of B pairs. is the 
partition function for all the exchanger framework containing N sites.
Writing the Helmholtz function, A, as A = -kTLnQ, then the use of 
Stirling’s approximation,, xl = (x/e)x, and partial differentiation with 
respect to NA and Ng, gives the chemical potentials yA , Jig of each ion
type in the exchanger:
1>A A
= LnN. - LnjA(T) - —  
kT R  1 1 kT
Up Bp 2NpW
= LnNL - Lnjp(T) - — 2- 
kT ■ D  kT NkT
In the system at equilibrium
’■‘b + = V B  +  V A
where and Pg are the chemical potentials of A and B ions in the 
solution phase which are given by, in usual notation,
o
yA yA —  = ■ ~  + Lna.
kT kT A
yB yB —  = —  + Lna^
kT kT *
Substitution of equations (A: 5:11), (A:5:12), (A:5:14) and (A:5:15) 
(1:5:13) gives:
o o
V b  , V l  -  Ub _ EA - Eg 2N
Ln  = L n  + ------- + —------+ B
w
NBaA h < n  151 W' N kT
(A:5 ill) 
(A: 5:12)
(A: 5:13)
(A: 5:14)
■ (A: 5:15) 
into
(A: 5:16)
*
See p. 70 for author’s criticism.
lb na _ xawith the assumption ^ —  1; and since = •=— , the equation (A: 5:16)
may be written
B %
%  jA(T)
Ln = Ln — —  +
XAXB
^A ~ yB 
kT
ea - eb
+ — ---- + 2X
kT B
NA + NB
N
w
kT
(A:5:17)
'45
Harvey, Redfem and Salmon and subsequently Birch, Redfem and
' 46
Salmon extended this treatment to a uni-bivalent exchange reaction 
with resins. Here a model for a bivalent ion, B, inside the resin, was 
considered as ’dumb-bell’ shaped with a symmetrical distribution of the 
two charges.
47
Salmon later replaced the above model of the bivalent ion, B, 
by a model in which one end of the ’dumb-bell’ was doubly charged and 
the other end uncharged, obtaining the following equation:
Ln V XA fA
<{) f-B
LnlC,. - —  5L T  RT B (A:5:18)
or
Ln K
f2 B A
LB
({>
= LnK_ + Ln - - —  5L 
1 C RT B
(A: 5:19)
where Kj, is the ’molar’ themodynamic equilibrium constant for the exchange 
reaction
2A+ + B2+ ^  2A+ + B2+
In (A:5:19) u is an energy term related to the additional energy when 
2 +
two B ions occupy adjacent sites, C is the total equivalent ionic
+ 2 +
concentration of A and B in the solution, (}) is the wet volume capacity
of the resin in A form, and f^ and fg are the molar activity coefficients
+ 2 + * aAof A and B in solution respectively , i.e. fA = and fg = ^ .
Equation (A: 5:19) was further modified by Boyland, Irving and 
Salmon^ by introducing an empirical correction factor for non-uniformity 
of the resin in the last term of the above equation so that the following 
expression was obtained:
Ln K
f2 B A
A
LB
LnKj, + Ln
RT *b
1 + A(Xb-Xa) + B(Xb-Xa ) 2 + C(XB-XA) (A: 5:20)
vdiere A, B and C are the numerical weighting factors for the term in 
brackets. A similar treatment to the above was developed by Salmon^ for 
the uni-tervalent exchange system.
A .6 Purpose of the present work
49-51
Previous work seemed to indicate that the use of the extension of 
the Barrer and Falconer treatment to uni-bivalent exchange in cross-
linked resins, which has just been outlined at the end of the previous 
section, leads to the establishment of a correlation between the measured 
water content of the exchanger in the B2+ Or B2" form and the value of AG° 
for the exchange process obtained by the use of eqns (A: 5:19) or (A: 5:20), 
and (A:3:9), for the cases where the reference ions A+ and A~ were K+ and 
C &  respectively. It seemed of interest to see whether a similar 
relationship would hold for a different reference ion where, for example,
*
Earlier f^ , the rational activity coefficient, has been used but 
here fA and fg represent the molar activity coefficients for 
convenience.
"i" •
A = Na . If so, it might be possible, by using differences in water 
contents of B2+ and A+ forms of an exchanger, to predict the AG° value 
for the B2+ - Na+ system from that for the B2+ - K+ system and the known
■j* 2 ■}*
water contents of the Na , K and B forms of the exchanger. Also an
attempt could be made to look for a simple relationship, if any exists,
between w values, eqn (A:5:1) or eqn (A:5:20), and any simple property
of the exchanger. However, after making some experimental measurements
on the B2+ - Na+ system, where B2+ is Mg2+, Ca2+ and Ba2+, generally
inconsistent results were obtained, due to several factors (Section C.2).
2 + +
It was then decided to experiment with the B - H system, in order to 
obtain more accurate experimental results, due to the more accurate 
determination of H . Here again, the results were generally inconsistent. 
Thus, the attainment of the above purposes has not been achieved.
However, this work explains the factors which could lead to such 
results, and also some criticism of the theory.
CHAPTER B
EXPERIMENTAL
B.l Resin preparation
The commercially available Zeo-Karb (Zerolite) 225 in the sodium
form (14-52 mesh/size) was used throughout this work. Before use, the
resin was conditioned in the following way. About 150 g resin was
placed in a beaker and washed by decantation and then transferred into
a column in which it was washed and finally back-washed with deionised
water in order to free the resin from soluble matter. The height of
liquid in the column was always adjusted above the level of the resin
with the aid of a side arm. Hydrochloric acid (= 2 M) was passed
52through the column at an appropriate flow rate until no trace of sodium 
ion was found in the effluent. This was checked by means of a flame 
test. The column was back-washed with hydrochloric acid solution of 
the same molarity. In order to ensure the complete conversion of the 
resin to the hydrogen form, about 2 litres of hydrochloric acid (- 0 . 1 M) 
was passed through the column with a flow rate of 30-60 drops a minute 
and then back-washed with hydrochloric acid of the same molarity . The 
column was washed and back-washed with deionised water until the 
effluent was free from hydrochloric acid; the addition of a few drops 
of a silver nitrate solution to the effluent (about 1 0  ml) produced no 
turbidity.
The resin in hydrogen foim so prepared was converted back to 
the sodium form by a procedure similar to that described above, using 
sodium chloride solution instead of hydrochloric acid solution. These 
conversions have been alternately repeated two or three times . In 
the final stage, with hydrogen or sodium forms of the resin prepared, 
a further 2-3 litres of deionised water were passed through the column 
at a slow flow rate to ensure the complete removal of the absorbed 
hydrochloric acid or sodium chloride from the resin. The resin was
then collected in a Buchner funnel and then transferred into a
crystallisation dish and covered with a watch glass to protect it from
dust, and was placed on top of a warm oven until the beads were free-
running. The resin prepared in this way was passed through sieves to
obtain beads of mostly the same size (about 20-30 mesh) and was then
stored in a desiccator, over a saturated calcium nitrate solution which
provided a constant relative humidity environment of about 50% at room 
53temperature. The resin container was of pyrex glass to prevent ion 
exchange with the glass.
B.2 Resin characteristics
The weight capacity of a cation exchanger is defined as the number of 
milliequivalents of exchangeable counter ion per gram of dry cation 
exchanger, which for the purpose of this work was defined for cation 
exchange resin at equilibrium with an atmosphere of 501 relative humidity. 
Weight capacity determinations were generally carried out simultan eously 
with the weighing of the resin samples for the corresponding series of 
equilibrium experiments, to prevent the error which may arise from capacity 
fluctuations with changes in water content due to changes in humidity. In 
the case of the sodium-form resin, about 1 g of the resin which had been 
stored in the desiccator was accurately weighed to within 0 . 0 1  mg in a 
small conical flask and transferred into a small column with a funnel. 
Hydrochloric acid (2 N) was then passed through with a flow rate of 2-3 
drops per minute until there was no trace of sodium ion in the effluent 
as shown by the flame test, and a further 1 0 0  ml of hydrochloric solution 
(0.1 N) was passed through at a rate of 2-3 drops per minute. The column was 
then washed and back-washed with deionised water; finally, sane more deionised
water was passed through at a slow rate for complete removal of absorbed
sodium chloride solution. The contents of the column were then
transferred into a conical flask; about 1 0 0  ml of deionised water was
added together with solid sodium chloride (- 1 g) to the flask; the
contents were then titrated against sodium hydroxide solution (- 0.1 N)
using methyl red or phenolphthalein as the indicator. The sodium
hydroxide solution had been standardised with potassium hydrogen 
54 ■
phthalate. In order to eliminate the contamination of sodium hydroxide 
and titration solutions by atmospheric carbon dioxide, the burette was 
directly connected to the polythene container of sodium hydroxide; in 
addition, the burette was equipped with a soda lime tube and nitrogen 
gas was passed through the solution under titration.
At least three samples of resin were taken for Weight capacity 
determination; precautions were taken during weighing the resin to mini­
mise the change of moisture content. This was done by keeping the time 
of exposure of resin to air of different humidity from that of the 
storage container as short as possible. In the case of resin in the
4- 4.
hydrogen form, the conversion stage from Na to H was, of course, 
omitted but the procedure was otherwise the same. The weight capacity 
c was calculated using the relationship
V.X .
C = " — —
■ ' W
w h e r e  v is the volume of sodium hydroxide solution (in ml) , x is the 
noimality of titrant and w is the weight of the resin sample (g).
(b) Determination of wet volume capacity
The wet volume capacity, cj>, of a resin is defined as the number of
equivalents of exchangeable counter ions per dm3 of swollen resin.
The wet volume capacities of the resin in sodium form were determined 
at three sodium chloride concentrations (0.05 N, 0.1 N and 0.2 N), and of 
the resin in hydrogen form at two hydrochloric acid concentrations (0.05 N 
and 0.1 N) .
About 0.5 g of resin was accurately weighed in a preweighed small
’water regain tube' ending inaporous disc, and allowed to swell in the
appropriate solution for 15-20 hours. After this the solution was allowed
to drain from the tube and the top of the tube was covered with a plastic
stopper. The remaining solution inside the tube was then removed by
means of suction applied to the sintered end of the tube. The tube was
placed in a centrifuge set at about 2 0 0 0  rpm for the period of time
necessary to achieve constant weight, which was found to be about
20-25 minutes. During the centrifugal operation the surroundings of
the regain tube were kept humid. The tube was then weighed and the
weight of the swollen resin (y g) was obtained. The wet resin was taken
out from the tube and the wet tube was quickly weighed; the approximate
amount of water taken up by the wall and the porosity of the regain tube 
*
was determined. The resin was then carefully transferred into a 
preweighed pyknometer and the latter filled to the mark with the same 
electrolyte solution used in the swelling process. The pyknometer with 
its contents was weighed (M g) and the weight of the pyknometer filled 
to the mark with the electrolyte solution only was also taken (m g). In 
order to obtain the density d of the electrolyte solution, the weight 
of the pyknometer filled to the mark With deionised water was then taken.
*
A correction of about +4% must be made to the value of the wet volume 
capacity if this value is obtained without taking account of that 
amount of water.
Precautions were taken to ensure that all of the above procedures were 
carried out at about constant room temperature.
The volume of the swollen resin, v, was obtained from the 
relationship
m + y - M 
. v =   -
\ d ■
Thus the wet volume capacity, (j), is given by
■ c.w
<J> = —  '
, V
where c is the weight capacity of the resin (mequiv. g_1) and w is the 
weight of dry resin (g) stored over SOI relative humidity.
B.3 Equilibrium experiments
The equilibrium experiments were carried out by the static batch
method at different temperatures, different total concentrations and
different resin cross-linking. For each sample, an amount of resin in
the hydrogen or the sodium foim, as appropriate, was accurately weighed
to within 0 . 0 1  mg in a 25 ml conical flask with the precautions already
mentioned, minimising any humidity changes to which the resin was
exposed; it was not generally possible to weigh the resin in a glass
scoop because an electrical charge was produced with caused resin
particles to disperse. Then different portions of the electrolyte 
+ 2 +
solutions of A and B ions (as their chlorides) previously standardised 
were added to each flask of res in generally from a calibrated micro­
burette, the total ionic concentration being kept constant. The flasks 
were sealed with plastic stoppers and then allowed to stand in a
thermostatically controlled water-bath at the required temperature to 
within ± 0.2°C, with intermittent shaking, for twenty-four hours or 
more, depending on the cross-linking of the resin. After sufficient 
time had elapsed for equilibrium to be established, the solutions were 
then separated from the resin. The separated solutions were left to 
reach room temperature and then the maximum possible volume of solution 
was taken from each sample for analysis (i.e. 15 ml was pipetted by use 
of a calibrated 15 ml pipette). This was to minimise possible error in 
sampling and analysis.
In the case of the sodium-alkaline earth cation exchange systems,
the alkaline earth metal content of the equilibrium solution was
determined by the complexometric titration method with a solution of
the disodium salt of ethylenediaminetetraacetic acid, EDTA, using
55 56Eriochrome Black T as the end point indicator. 9 In order to have a
sharp colour change at the end point for Ca2+, Sr2+ and Ba2+, a suitable
amount of a solution containing equimolar amounts of magnesium and EDTA
was added to the solution.^ The EDTA solutions of different molarity
(0.005 M, 0.01 M and 0.02 M) were standardised against zinc chloride
solution which had been prepared from zinc metal of 99.9991 purity.
In several cases the potentiometric titration method was employed for
57-59detecting the equivalence point of the complexometric titration
with the use of the Mettler automatic titrimeter, Fig. 3 , consisting
essentially of a pH meter as electrometer, automatic burette, and
chart recorder. Here the potential difference E between a mercury 
*
electrode and a saturated calomel reference electrode was applied to 
the chart recorder. The equivalence point was obtained from the graph
•k
The mercury electrode was made according to Reference 59 and was always 
filled with pure, twice-distilled mercury.
Mercury
electrode
Calomel
electrode
Titration
assembly
Command 
Module 
(DV 103)
Rate and 
end point 
control 
(DK 11)
Potentio- 
metric 
Recorder 
(GA 10)
Electrode 
Potential 
Amplifier 
(DK 10)
Burette 
Drive 
(DV 10)
Fig. 5' Schematic diagram of Mettler automatic titrimeter
AE
<- -— —  Volume of titrant, V
Fig. 4 A typical titration curve of Ba2+ against EDTA obtained by the
/\*v» 4- -C 4- « A n4. «  —
of AE/AV against the volume of titrant, Fig. 4 . The function of the 
mercury electrode is to act as an indicator electrode for cations 
forming EDTA complexes that are less stable than the EDTA complex with 
Hg2+.^ A small quantity of mercury(II) chelated with EDTA, Hg y2^  
was added to the solution. This establishes the half-cell:
Hg/lig y2' , M y2' , m 2+ ,
2 +
where M is the cation which is analysed. The electrode potential is 
given by:
0.059 [M2+] Illg y2"]
E = E + ----  log ---  —  at 25°C
2 [My2-]
Because practically a fixed amount of [Hg y~2] is present, the following 
relation may be written:
0.059 [M2+]
E = constant + ------- log--—
2 [My2"]
2 + 2 —thus the potential i s  dependent upon the ratio of [M ]/ [M y ] and 
since this ratio undergoes a profound alteration in the region of the 
equivalence point, it follows that the mercury electrode suffers a 
corresponding change in potential and fulfils its role as an indicator 
electrode for the titration.
The potentiometrie method used was time-consuming because most 
often a droplet of mercury fell from the electrode cap into the solution 
due to stirring of the medium, and caused erratic variation of the e.m.f. 
Also, generally the amount of titrant differed by about 0.02 ml from 
the value obtained by accurate titration with Eriochrome Black T 
indicator, after accounting for the theoretical error in this titration,^ 
regardless of volume of the solution under titration.
In the case of the hydrogen-alkaline earth metal exchange system 
the hydrogen ion in the equilibrium solution was determined in the 
absence of carbon dioxide in a similar way to that described in B.2(a) .
For the hydrogen-magnesium exchange system with resin of 8 % cross-linking, 
for those samples corresponding to the middle part of the isotherm both
+ 2 +
H and Mg concentrations were determined. The samples corresponding 
to the first part of the isotherm, with low Mg2+ content, were analysed 
for H+ and the samples corresponding to the last part of the isotheim, 
with high Mg2+ content, were analysed for Mg2+.
In general, the use of amounts of titrant less than 10 ml was 
avoided if possible; all glassware which was used throughout the analysis 
had been calibrated with care and the reagents used were of analytical 
grade. The complete experimental data for some systems are shown in 
Appendix III; these are reprints of part of the computer output.
CHAPTER C
RESULTS AND DISCUSSION
C.l Results
(a) Resin micrograph
In order to obtain some information about the non-unifonnity of 
the resin and to compare resins of different cross-linking, the 
micrographs of the resins used were taken on the Cambridge Stereoscan 
Electron Microscope operating at 20 kV. Beads of the resin of about 
30 mesh were dehydrated in vacuum during deposition of the conducting 
film. Figs. 5 and 6 show micrographs of the surface and the cut 
surface of Zerolit 225 (8 % nominal cross-linking) in sodium form and 
hydrogen foim, respectively. Figs. 7(a) , 7(b) and 8 (a) and 8 (b), show 
these surfaces for Zerolit 225 in the hydrogen form with 12$ and 20$ 
nominal cross-linking, respectively. From the micrographs the pores 
are not clear; they may be closed up during dehydration. The lines 
which are generally seen on the bead surface micrographs may be due to 
cracking of the beads when they are dry.
''.(b), Calorimetric results
The standard heat of exchange, AH0, was calculated by subtracting 
the heat of swelling, AHg, from the total heat of reaction, AH^. The 
reactions have been carried out at 25°C and the resins used have been 
of 8 $ DYB and stored at 50$ relative humidity. These values for the 
different exchange systems and different electrolyte concentrations are 
shown in Table 17 (p. 135) for Zerolit 225 of 8 $ nominal cross-linking. 
The calorimetric procedure is explained in Appendix I, and the 
definition of AH0  is given in Appendix I, p.133
(c) Isotherm
The isothermal plots of Xg against Xg, the equivalent fractions of 
the alkaline-earth metals in the resin and in the external solution 
respectively, are shown in Figs. 9 to 23. If the isotherms of any 
system at different temperatures (15°C, 25°C, 35°C and 45°C) are plotted 
on the same diagrams the curves overlap, presenting a confusing diagram. 
This can be seen from Fig. 24. For this reason, only the isothermal 
plots obtained at 25°C are given as examples.
was no appreciable change in the water content of the resin and also no
electrolyte sorption by the resin during the exchange process. Thus
the equivalent fraction Xg in the resin phase was found by the ratio of
2 +
the number of equivalents of B ions taken up by the resin to the 
weight capacity of the resin, and the number of equivalents of B ions on 
the resin was calculated by difference between the number of equivalents
2 *4“
of B ions in the initial solution and the number of equivalents of 
2 +
B ions in the equilibrium solution. The equivalent ionic fraction Xg
in the solution phase was found by the ratio of the number of equivalents
2of B ions in the equilibrium solution to the total number of 
equivalents of A+ and B2+ ions in the initial solution. The isotherms 
are useful illustrations for the qualitative selectivity pattern.
(d) Experimental equilibrium results
The results obtained from equilibrium experiments are shown in
Tables 1 to 16. In these Tables, c is the weight capacity and (j> is the
wet volume capacity of the resin, C is the total equivalent concentration 
+ 2 +
of A and B in solution phase, I is the ionic strength of the solution 
phase and f^  is the molar activity coefficient of species i in the 
solution phase.
Evaluation of the term Ln - r -  was carried out using the method
B
described in Appendix II. The values of the Debye-Hiickel parameter, A, 
used in this evaluation, were taken from Reference 61.
Examples of the selectivity plots, i.e.
fVXA .f2'_A
L*a -xb %
against Xg are shown for some of the systems in Figs. 29 to 37. In the 
+ 2 +
case of Na /Ca exchange system (0 . 1 0  n) the selectivity plots, Fig. 29, 
are shown corrected by the correction factor, eqn (A:5:20).
C.2 Discussion
The qualitative preference of the resin for B relative to A for 
all the systems studied is observed from their isotherms, shown in 
Figs. 9 to 23. The observed order of selectivity for these ions is 
Mg2+ < Ca2+ < Ba2+ when the reference ion is Na+, Fig. 25; and 
Mg2+ < Ca2+ < Sr2+ < Ba2+ when the reference ion is H+, Fig. 26. These 
selectivity orders are in agreement with the idea put forward in 
Section A.4(b) that the resin prefers the ion of smaller hydrated size; 
the order of the hydrated radii of these ions follows the reverse 
sequence. For the same reason it can be seen from Fig. 28 that the 
isotherm of H - Ca exchange system is higher than that of Na - Ca .
Attempts have been made to fit the experimental results with the 
theory outlined in Section A. 5 (p. 37 ). According to this theory plots 
of
against Xg or Xg[l + (Xg - X^ + (Xg - X^ ) 2 + (Xg - X^)3] should be 
straight lines. However, due to the inevitable experimental errors 
and particularly to resin degradation the theoiy could not be verified 
by these experiments.
The experimental procedure used to study ion-exchange equilibria 
consists of the following stages, each of which will inevitably involve 
some errors.
(a) Weighing the resin. The error here is mostly due to
temperature fluctuations from day to day, causing the relative humidity.
o 53of the desiccator (501 relative humidity at 25 C) in which the resin 
has been stored to change.
(b) The removal of the equilibrium solution in contact with the 
resin from the container while the latter is kept in the thermostat 
bath. The error of this stage is due to a change in concentration of 
the solution from the escape of water vapour when the stopper is with­
drawn. This error will become significant when the equilibrium 
temperature is higher than room temperature. At these higher 
temperatures the condensation of water vapour on the walls of the 
container may also disturb the equilibrium.
(c) Titration procedure, in which the error is especially significant 
when the volume of titrant used is small.
In addition,
(d) The determination of the weight capacity of the resin,
(e) The determination of the wet volume capacity of the resin; 
the error due to this determination does not affect the selectivity plot 
but affects the value of the thermodynamic equilibrium constant, Kg, 
eqn (A: 5:19) .
The mathematical form of the term
intensifies the effect of the experimental error on the selectivity plot. 
This is more pronounced either when the isotherm, i.e. Xg against Xg, 
is very steep, or in the region of high Xg values for each isotherm. This 
may be seen in Fig. 31 from the comparison of the points on the isotherm 
with the corresponding points on the selectivity plot.
Of more importance than the practical errors, it was found that the 
resin was degraded during storage, which would be an important source of 
error. Unfortunately this was noticed at the end of the experimental 
work; when about 1 g of a well-washed resin in the hydrogen foxm was 
introduced into some deionized water, and the supernatant solution tested 
for acidity, it was found that the solution was acidic and after adding 
some drops of silver nitrate to this no turbidity was observed. This 
degradation may be due to ultra-violet radiation, and the introduction of 
some sulphonic groups into the solution phase which makes the solution 
acidic. In general, the structure of the resin and therefore its 
characteristics change with time, and also these characteristics differ 
from batch to batch of resin. These may introduce further sources of 
error.
The probable overall effect of the errors mentioned above may be 
considered to be the cause of the scatter of the experimental points, in
the selectivity plots, for many systems. In general, the drawing of a 
straight line through the points has not been possible; the deviations 
of slopes and intercepts resulting from the least squares method used 
for fitting the selectivity plots to straight lines were very large 
and statistically unacceptable. Some examples can be seen in 
Appendix III, pp. 140-149* Fig. 27 shows that the isotheims of 
0.10 N and 0.15 N for Na - Ca exchange intersect’, again due to the 
overall error.
However, for the Na+ - Mg2 +,.Na+ - Ca2+, H+ - Mg2+ and H+ - Ca2+ 
exchange systems (0.05 N and 8 %  nominal cross linking), where the 
selectivity plots,
Ln V XA £A
against Xg, are as shown in Figs. 29 to 32, straight lines may be 
obtained if the experimental points at the downward section of these 
plots are discarded; the discarded points are marked by asterisks in 
the corresponding Tables 1 to 13 of the' equilibrium experimental results. 
These straight lines lead to negative value8for the interaction energy 
term, oo, and the thermodynamic equilibrium constants so obtained are not 
consistent with the temperature; these values are listed in Tables 18 to 
21 (pp. 150, 151 ). In the case of the H+ - Mg2+ system with resins of 
1 2 %  and 20% nominal cross linking (0.10 N) again straight line selectivity 
plots may be obtained by discarding several experimental points. These 
lead to positive ca values, but again the Kj, values are not consistent 
with the temperature, Table 21 (p. 151).
+ 2 +
The experimental results for the ion-exchange systems Na - Mg ,
Na+ - Ca2+, H+ - Mg2 + and H+ - Ca2+ (0.05 N, 8% DVB) were also treated
according to the Gaines-Thomas method (Section A. 5) in the form
LnKj. = (ZA - ZB) +
•1
Ln V XA . •
f2
—  (2C)
LV*b fB
dXB
n
LnK'BdXD a. B A
(C:2:l)
where KJ, is the rational thermodynamic equilibrium constant, and the
integration was performed numerically. Fitting the best curve of
LnK’ against )L was carried out by adopting a method similar to that 
A . '
described in Reference 62. The thermodynamic equilibrium ’constants' so
obtained were not consistent with regard to temperature. They are listed
in Tables 18 to 21 (pp.150, 151). It is to be noted that the application
Bof the Gaines-lhomas method requires the theoretical values of LnK' for
aA
the values of Xg = 0 and Xg = 1. This may be important when no reliable
g
experimental values of LnK' are available in the two extreme regions of
A
the corresponding selectivity plot.
In Appendix III, pp. 141, 142 is shown the difference produced by a 
change only in the total concentration of initial solution from 0.04975 
to 0.0498, i.e. of 0.11. The sensitivity of the selectivity plot with 
regard to small changes in weight capacity, and in titrant volume in the 
analysis of equilibrium solution, can be seen in Fig. 38. Most of this 
sensitivity may be related to the mathematical foim of the term
V XA
? A - h
It should be noted that any practical error in the evaluation of Xg 
also affects the value of Xg, because the experimental concentration of
2.4* ■ .
B or A inside the resin at equilibrium is calculated by the difference
between the initial and the equilibrium equivalent concentrations of B 
in the solution phase.
From the above considerations, it may be concluded that the 
equilibrium experimental results obtained in this work are not sufficiently 
reliable to verify either theory.
It may be suggested that in addition to the general care required 
for greater accuracy and precision, the following points should be 
considered in carrying out the experimental procedure:
(1) To select a sample of resin with maximum uniformity of 
structure, sufficiently large for all experimental determinations.
(2) After conditioning the resin, it should be kept in the dark to 
prevent degradation.
(3) To use the wet resin with its corresponding characteristics in 
order to cancel any effect of mechanical equilibrium due to the 
solvent (water) sorption.
(4) To check for any systematic errors in all quantitative 
procedures and to assess their effects.
(5) In order to decrease the effect of random errors, to carry out 
the appropriate number of equilibrium experiments in each series, 
and over as large an interval of the isotherm as possible. Also 
in some cases the concentration of cations inside the resin 
sample after equilibrium should be obtained from analysis.
In addition, the theory which leads to eqn (A: 5:1) was analysed.
This has led to some criticism which will be discussed in the following 
section. Before stating this criticism, the theoretical part of a 
relevant thesis will be quoted.
C.3 Quotation of the theory and some criticism ,
63In the following pages the theoretical part of Namor’s thesis
been
is quoted verbatim; the page numbers have/changed to conform to the 
present thesis*, and the criticisms follow this quotation.
The original page numbers are given in Reference 63. The sources 
of references in the quotation are given at the end of the main 
references. The author thanks Dr Namor for permission to quote 
this section.
"2.2 Theoretical Approach used in the present work for 
Uni-Bivalent Ion Exchange Reactions
A. A uni-bivalent ion exchange reaction may be represented in a 
generalised form by the following equation:
2A+ + B2+= ^ B 2+ + 2A+ ( 2 : 1 : 1 )
where barred formulae refer to the species in the exchanger phase. The
model used here can be visualised as consisting of a network of exchange
sites linked together in a three dimensional elastic matrix. Each
exchange site of a cation exchanger contains a fixed negative group
attached to the matrix compensated by counter ions of opposite charge,
capable of exchanging with cations present in the external solution. If
each exchange site is initially occupied by one univalent cation A+,
' _  2 +
then, for each bivalent ion B coming into the exchanger two univalent 
.+
ions, A  , are displaced. Thus, each bivalent ion will occupy the two 
sites left by the univalent ones. The bivalent ion is regarded as 
dumb-bell shaped, in which the charge distribution can be in either of 
the two extremes. One possibility is that in which one end of the dumb­
bell is doubly charged and the other end uncharged. This is equivalent 
to the doubly charged ion occupying one exchange site with an adjacent 
one left vacant to preserve overall electrical neutrality. The other 
possibility is one in which the ion is considered as two point charges, 
one at each end, in other words with a symmetrical charge distribution. 
This provides a simpler model but overlooks the fact that the ions are 
essentially spherical and not elongated in shape. In the asymmetric 
case, there will be, when the charges of the fixed idns are taken into 
account, an excess charge of +1 at the doubly charged end and an 
excess charge of -1 at the uncharged end. These excess charges will 
be reduced by distortion of the resin matrix to minimise the charge 
separation which, therefore, may to a first approximation be neglected.
The real situation is probably intermediate between these two extreme 
cases. Both models have been used (44,45,46,47,48,49).
The asymmetric one is one that occurs in some crystalline exchanger 
(50) in which case it is justified; but both of them lead to similar 
types of equation with the exception of the value assigned to the
24*
additional energy term arising from two B occupying adjacent positions
In the present theory some assumptions have been made in order to 
minimise the complication of the calculation and these are set out below
2 +
(a) When two B ions enter adjacent positions in what is initially an
. +  ,
A rich resin matrix, an additional change of the energy occurs.
4* 24*
(b) The corresponding term is neglected when an ion A and an ion B
occupy adjacent sites, relative to the reference state when two
. +  . ,
A ions occupy adjacent sites.
(c) The change of energy is additive with respect to the number of
24* 2 *^ *
B -B pairs, independent of their distribution.
(d) The distribution of the ions is random. If the interactions are 
small, this assumption is satisfactory.
(e) The solvent content of the exchanger remains essentially constant 
as the exchange takes place, such changes as do occur in the water 
content arise mainly from the different states of hydration of the 
ions which participate in the exchange process.
The derivation starts by setting up the grand partition function Q, 
as described by Fowler and Guggenheim (42).
~  Na ~ R,
f Ea1 A f EtA B
Q = g(Na ,Nb) • [ja(T)exp • |jb(T)exp ^  • QRexp
where
g(NA ,Ng) = Statistical weight factor.
Na = Number of ions of the A type in the exchanger.
2 *4*
Ng = Number of ions of the B type in the exchanger.
+
j A CT) ~ Partition function of type A ion in the exchanger
at temperature T.
24*
jg(T) = Partition function of type B ion in the exchanger
at temperature T.
Ea = Energy of the ion A in the exchanger matrix relative
to the reference state.
JB
-D 2 +
Er = Energy of the ion B in the exchanger matrix relative
to the reference state.
E = The additional energy arising from the presence of
_ 2+
one adjacent pair of B ions.
Qg = Partition function of the resin matrix.
It is necessary to evaluate both the statistical weight factor 
and the additional ihteraction energy term E.
B. The Statistical Weight Factor, g(NA>Ng)
Defining N as the total number of exchange sites, it is necessary 
to establish the thermodynamic probability associated with the locating
4* 24*
of Na A and Ng B ions in the resin matrix at equilibrium. In a
uni-bivalent ion exchange process and for a fully loaded resin
N = Na + 2Ng. To evaluate the statistical weight factor, the placing
of the Ng B ions is considered first.
2 «4* >
The first of the Ng ions of the type B in an A  matrix will
r| AST- JS A/,v cl N
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occupy any of the N exchange sites, the uncharged end of the dumb-bell
2+ _ 
shaped B will occur at any of the Z sites, where Z is the average
number of nearest neighbouring exchange sites to any given site. Then,
the first ion and its associated vacant site can be located in ZN ways
into the structure. In this way Ng identical B ions and their
associated vacant sites can be located into the exchanger in
ZN(N-l)Z(N-2)(N-3) .... Z(N-2NB+2)(N-2NB+1)
(N-l) (N-l) (N-l)
ways or
N(N-l) (N-2) (N-3) 
Z . — - (2:1:3)
.2 +
The above expression must be divided by Ng! as each B ion is identical, 
then the statistical weight factor is
R
g(NA ,NB) = Z
B N!
NB!
(2:1:4)
The remaining sites can be filled by the A ions only in one way and 
the thermodynamic probability is
Z
TfPij
% N 1 1NB*
nb :na : (2:1:5)
Since N »  1 ,  equation (2:1:5) can be written
C. Evaluation of the Interaction Energy, E
In the grand partition function the additional energy term is the
2 *^ 2 *^"
product of the interaction energy for a single B -B pair and the
2*t“ 2 *^
number of B -B pairs in the exchanger. Furthermore, in the
exchanger with ions of the A type and Ng ions of the type B , there
will be two more possible interactions and they are (i) those between
t>2 + . +
one bivalent B ion and univalent ion A and (ii) those between
*4" 4*
univalent ion with univalent ion A -A .
The additional energy term has not been attributed to any specific 
causes, but it should include contributions from interaction of the 
bivalent ions with the fixed groups attached to the resin matrix, and 
the resultant distortion and swelling pressure effects; also the 
electrostatic repulsions. The electrostatic repulsions are not supposed 
to be the principal causes because the charge of the ions may be located 
over large solvation spheres and the resin matrix. For that reason the 
energy associated with (i) and (ii) are considered to be small; whilst 
if electrostatic considerations are taken into account as maincauses,
2 4* 4* *4" "f-
the energy associated with A -B and A -A should be considered. If A
4* 4* 4*
represents the potassium ion K and the A  - A  interaction is arbitrarily
24" 24*
fixed as zero (as is initially assumed) then the magnitude of the B -B
“I* 2 4* "4* "I*
and A  —B interactions can be considered with reference to the A  -A
4" 2 4*
interaction. Whilst interactions between A  and B have been considered
_ 2+ _2 +
by Salmon (45), only the interaction energy for B -B pairs will be 
considered here.
24*
Considering any bivalent ion, B there are only (Z-l) possible 
positions in which another bivalent ion will be located as a nearest 
neighbour, since one of the Z sites is occupied by the uncharged end 
(or vacancy) of the first bivalent ion. There then remain (Ng-1) B
ions, (Ng-1) vacant sites and NA A ions to be located. In order to
' A
simplify the mathematical treatment it is assumed that the probability
of any one of these three species, B , vacancy or A  occurring at one
of the (Z-l) sites around the bivalent ion considered depends on the
proportion of each species available. This assumption ignores the fact
that when the number of bivalent ions in the matrix is low these ions
will not try to locate in adjacent sites because of the additional
energy associated when they do, but when the number of bivalent ions in
2 + 2 +
the matrix is high, the incidence of B -B pairs will increase. This
will be considered later on with non-uniformity of the cross-linking of
2 +
the exchanger. After this simplification, the single ion B will have
2*|*
(Z-l)(Ng-l)/(N-2) other B ions as nearest neighbours. Therefore, for 
Ng B2 ions there will be Ng(Z-l)/2(N-2) pairs of B2 +-B2+. If Ng > 1 
and N »  2 ,  the expression will be
(Z-l)Ng
2N
2 +
If the additional energy arising when two B ions which occupy adjacent 
sites is 2a)/(Z-l) , then the total interaction energy = (energy for each 
pair) (number of pairs).
Substituting the statistical weight factor given by equation (2:1:6) 
and the interaction energy term Ng(jo/N into equation (2:1:2) , the grand 
partition function Q becomes:
Q = (Z)W
n: E . A f  e A  -N*io
jA(T)exp W  j]3^exP W  ^Rexp NkT~
(2:1:7)
Taking logarithms of both sides gives:
InQ = NglnZ - NglnN + lnNI - InN^! - InNg! + N^lnj^(T)
N.E. >LE N^ o)
+ -AJi + NBlnjB(T) + - A A  + lnQR - *
kT kT NkT
(2:1:8)
On applying Stirling1 s approximation, InN! = NlnN - N and reversing 
the signs, the above expression becomes
-InQ = -NglnZ - (NA+NB)lnN + Ng + %lnNA + NglnNg -
NAlnjA(T) - - Nglnjg(T) - - A 4 l n Q R - -A-NAEA
kT kT NkT
Now,
(2:1:9)
■InQ = ™  and f 3G } _[snJ  pi ' the chemical potential of
species l,
Differentiation of equation (2:1:9) with respect to the number of ions
■j* 4*
of each type (A and B ) present gives the expressions for the chemical
. a+ r.2 +potentials of A and B ions in the resin respectively. Thus
kT
9(-InQ)
In
n
= 1 - InN - lnNA - lnj&(T) -'A w
‘B
(2:1:10)
%
kT
3(-lnQ)l
I 3NB iN 2 - InZ - InN + InNg - lnjg(T) -A
2Nbw 
W  ^  NET" (2:1:11)
Assuming that the chemical potential of the counter ions and the solvent 
remain constant, the condition for equilibrium is
2 + yB = 2 yA + yB ( 2  : 1 : 1 2 )
and
O
yi vi
W  = W  + ai <2:1:13,
■ -  ■ o  . .
where JJU, y^ and y^ are the chemical potential of the species 1 in the
resin, the chemical and standard chemical potential of species i in 
the solution respectively; a^ is the activity of species i in the 
solution. Substituting equation (2:1:13) into equation (2:1:12) and 
rearranging the following expression is obtained:
o ” o 0  0  22 y . •-jig 2 y A-y R aA
  = ---—  + In -  ' (2:1:14)
kt kr b
Substituting equations (2:1:10) and (2:1:11) into equation (2:1:14) and 
rearranging leads to the following expression:
N N.a* jR(T) Er-2E. y°-2 u? 2NRo>
In -5— -  =  InZ + In — -- + — — 2  + --- - -A  2 _
N^ .ajj j*(T) kT kT NkT
(2:1:15)
NA -
Now —  - X. , X* being the equivalent fraction of ions A in
N R  A
the exchanger.
2NB - -and — —  - Xr. , XD being the equivalent fraction of ions B in
N B B
the exchanger.
+ 4-
Also, aA = [A ]£a where is the activity coefficient of A  in the
solution. This in terms of equivalent fraction is = X^.C.f^
[A+] [A+]
Since X
A [A+] + 2[B2+]
Hence, [A ] = X^.C, where X^ is the equivalent fraction of A  ions in
the solution, C is the total concentration of the solution in
equivalents per litre. Similarly, ag = Xg.fg.C/2 , where fg is the
activity coefficient of B ions in the solution and Xg is the equivalent
2 +
ionic fraction of B in the solution. Thus, equation (2:1:15) when 
expressed in molar quantities using the above relationships becomes:
XB'XA*EA*G %  V 2Ea  V 2ga  wIn -£L .a_A—  = in A  + t  + _£— A + lnZ . x.
x;.xr L  Q* RT RT RT -
(2:1:16)
1
Addition of In —  to both sides of equation (2:1:16) , where cf> is 
the volume capacity of the exchanger (eq./l), leads to the expression:
XB*XA ’EA*^ ' Qg ea”2Ea ga"2gb wln -jf - --- s In A  +  A +  B + lnZ _ in({) ------ . ^
xA .xB.fg.4> QJ RT RT RT
(2:1:17)
Or,
B £A <t> “ _
InK1 ^2 = lrfC, + In-------- • XR (2:1:18)
A B 1 C RT
2-2 TBe Effect of Non-Uniform Cross-linking on the.Exchange Process
f 2
B AFrom equation (2:1:18) a plot of InK1 • ■?— against Xt> should be
CA B B
linear, with an intercept at Xg = 0 of lnKj,+ln(|)/C and a slope of to/RT,
but this is not always the case in the uni-bivalent ion exchange
systems. The non-uniformity of the cross-linking of the exchanger has
been discussed in Section 1 (p.15) with special reference to the work
of Reichenberg and McCauley (21). It has also been shown that in
practice, to„„.n varies with the cross-linking (47) . It is related to 
dPP
the presence of low and high cross-linking in the exchanger. It may
reasonably be expected that to_„„ will vary with such changes in cross-app
linking. As Xg -*■ 0, to therefore tends to have less than the average
—  2 + 2 +
value, since as Xg increase from zero B -B pairs will occur first ii
regions where to is lowest. The average value of to obtained
experimentally is likely to occur in the region of half exchange when
2 2
XA = XB' and higher than the average values of to will occur when B -B
pairs occur as Xg 1. A similar problem will arise from the non-linear
2+ 2 + 2 *^
relationship between the number of B -B pairs and the number of B
_ 2 +
ions present. When the exchanger carries a small number of B ions,
these will avoid locating in adjacent sites because of the additional
energy associated with such pairs with the consequence that the value
of to will apparently be lower than average. When the exchanger 
aPP
_2 + -1
carries a large number of B ions, there will inevitably be a high
_ 2. + 2 +
value of B -B pairs, with a consequently high value of to. Such 
effects have been taken into account by introducing in the equation 
(2:1:18) an empirical correction factor and the final expression is 
given by
T) £a $ to
lnKV  = lnKr + ln C ~ KT XBtl+(XB~XA)+(V XA)2 + CxB-xa)31
(2:2:1)
The empirical correction factor in the square brackets varies from 0 
for Xg = 0 up to 4 for Xg = 1 and has a value of 1 at Xg = 0.5.*
Criticism of the theory
Apart from the approximations included in the assumptions (p.61 )
2 . ^and in the evaluation of the number of B pairs on adjacent sites (p.64 ), 
there are several points which should be mentioned.
■f* 2
(1) In order to evaluate the chemical potentials of A and B ions 
within the exchanger (p. 6 6 ), partial differentiations of eqn (2:1:9)* 
have been performed treating N as a constant. This is incorrect due to 
the relationship of N = + 2Ng$ for example, when keeping Ng constant,
then cannot vary without varying N. As a consequence y^ and yB from 
the relations (2 :1 :1 0 ) and (2 :1 :1 1 ) do not satisfy the following 
necessary conditions:
(i) The relation
NA
3NA
required for dA to be an exact differential, where dA = -kTd(LnQ). It 
can be seen from eqns (2 :1 :1 0 ) and (2 :1 :1 1 ) that
w T,Na
w
t ’nb
2kT
Na  + 2NB
kT 2N-B
K + 2NB <NA + 2N^
Ui
B"
The equation numbers mentioned here refer to the section quoted, except 
for equations where the numbers start with the letter C, thus (C:3:l) 
and (C:3:2).
«
(ii) The expression + ygNg - kTLnQ^ = -kTLnQ, obtained by applying 
Eulerfs theorem to the homogeneous function A, where A = -kTLnQ,
f 3A
remembering that V#
(iii) The relationship
V
is negligible for a condensed phase.
N,
3yB
t ,Nb
3 yB
K J t ,.N,
This relationship may be obtained by applying Euler’s theorem to 
yg = f(T,N^,Ng) which is a homogeneous function of zero degree.
Therefore the equations (2:1:10) and (2:1:11) do not actually 
represent the chemical potentials of the respective ions within the 
exchanger.
The following are the partial differentiations of eqn (2:1:9) with
respect to and Ng considering here N only as the sum of + 2Ng
+ 2 +
where N^ and Ng represent the number of A and B ions in the exchanger 
phase.
1
kT
3(-LnQ)
3N,
- 1 - Ln(NA + 2Ng) + LnNa - LnjA(T)
V,T,Ng
ea  na  + nb
A
kT Na +2Nb .na + 2NbJ
(i)
kT
1
KT
3(-LnQ)
3Ng
V.T.Ng
2-LnZ-Ln(NA + 2Ng) + LnNfi - Lnjg(T) - —
kT
2(Na  ♦ Ng) 2Nb (Na  + Nb)
—    +    ---
(Na + 2Ng) (Na + 2Nfi) 2 kT
CC:3:2)
These two relationships satisfy the above conditions (i) - (iii).
-CNa + Nb) -2 (Na + Ng) ■
The terms ^   ^ and — + "2N T ' 9 appear in eqns (C:3:l)
A B A B
and (C:3:2) respectively, account for non-ideality of the exchanger phase
imposed by the model used for the evaluation of the statistical weight
factor which is expressed by (2:1:6). Thus, in comparing eqns (C:3:l)
and (C:3:2) with y^ = y^ + kTLnx^f^ and yfi = yg + kTLnXgfg respectively,
where x^ is the mole fraction of ion species i in the exchanger phase,
some extra terms appear because of this non-ideality.* However, when the
above partial differentiations, eqns (C:3: 1 ) and (C:3: 2) are used for
substitution in eqn (2:1:14) instead of eqns (2:1:10) and (2:1:11) the
same final relationship, i.e. eqn (2:1:15), is obtained.
(2) Using the Stirling approximation, i.e. x! = (x/e) for LnNg! renders
eqn (2:1:9) and the subsequent relationships invalid when NR approaches
B A —zero. Therefore the practical extrapolation of Ln K’ • against XR
CA *3
to Xg — 0, which would lead to evaluation of LnKg, eqn (2:1:18) , is not
A
permissible, since the value of LnK* • - r -  is not defined in the region
B h
close to XB = 0 .
(3) If the first four terms of the right hand side of eqn (2:1:16) (p. 6 8 ) 
included Ln2 , this sum would be equivalent to the rational thermodynamic 
constant (i.e. using the equivalent fraction scale for the exchanger phase 
and the molarity scale for the solution phase). Now addition of Ln
* + 2+The mole fractions, x^ and Xg of A and B ions are related to their
equivalent fractions, X^ and Xg, respectively, by the following expressions
to both sides of this equation may appear to convert the rational
thermodynamic constant into the molar thermodynamic equilibrium constant
(i.e. using the molar scale for both exchanger and solution phases) .
However, this is not so, because §  is being kept constant and the term
kTLncf) is contained in the standard free energy of exchange; also, there
+ 2 +is no extra term to account for the activity coefficients of A and B 
ions in the exchanger phase with regard to this change of scale.
Therefore, the numerical value of Kj, represented by eqn (2:1:18) and 
obtained by the application of this equation, has no physical significance. 
It is also to be noted that the addition of Ln ^  to both sides of 
eqn (2:1:16) gives a dimension to this Kj, value which can be seen from 
the left hand side of eqn (2:1:17). And, in general, the activity 
coefficients defined on the molality or molarity scale do not give a 
satisfactory measure of the deviations from ideality for such a system 
as an ion exchanger phase ^
If it is true that the most important contribution to the ’driving
force* of ion exchange stems from the entropy changes and these changes
include mainly the entropy of mixing, ^  then it may be an improvement,
at least for sane systems, to approximate the exchanger phase by an
athermal system, i.e. one in which the non-ideality is governed only by
the excess entropy of the process. A statistical weight factor would
then be evaluated from as realistic a model as possible in order to set
up a total partition function similar to (2 :1 :2), except for the additional
energy term. In this connection the following remark from Gibbs is very 
■ . 6 6  ' '
much to the point: "The only error into which one can fall is the want of
agreement between the premises and the conclusions, and this, with care, 
one may hope, in the main, to avoid."
(a) (b)
Fig. Stereoscanning electron micrographs of Zerolit 225 in sodium form 
with 8% nominal cross-linking
(a) bead surface (magnification x 11,500)
(b) cut surface (magnification x 13,000)
(a) (b)
Fig„ 6 Stereoscanning electron micrographs of Zerolit 225 in hydrogen form 
with 8% nominal cross-linking
(a) bead surface (magnification x 12,200)
(b) cut surface (magnification x 12,000)
(a) (b)
Fig. 7 Stereoscanning electron micrographs of Zerolit 225 in hydrogen form 
with 121 nominal cross-linking
(a) bead surface (magnification x 12,000)
(b) cut surface (magnification x 12,200)
(a) (b)
Fig. 8 Stereoscanning electron micrographs of Zerolit 225 in hydrogen form 
with 20% nominal cross-linking
(a) bead surface (magnification x 11,000)
(b) cut surface (magnification x 14,000)
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Fig. 31 Isotherm (a) and selectivity plot (b) of Hydrogen-Magnesium exchange, 
0.05 N, 25°C, 81 DVB
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TABLE 1
Hydrogen-Magnesium exchange, 81 DVB
c = 3.628 equiv kg 1 , 4 = 2.60 equiv dm 3, C = 0.051 equiv dm 3
*Mg V I
f2 
t H Ln —
Mg fMg
15°C 0.033 0.621 0.051 0.392 5.204
0.047 0.699 0.052 0.393 5.396
0.116 0.792 0.054 0.396 5.212
0.121 0.780 0.054 0.398 5.034
0.201 0.852 0.056 0.403 5.216
0.284 0.886 0.058 0.409 5.214
0.287 0.867 0.058 0.409 4.872
0.376 0.915 0.060 0.414 5.292
0.378 0.897 0.060 0.414 4.868
25°C 0.043 0.632 0.052 0.401 5.000
0.045 0.636 0.052 0.401 4.990
0.056 0.690 0.052 0.402 5.141
0.070 0.718 0.053 0.402 5.124
0.134 0.801 0.054 0.407 5.128
0.140 0.811 0.054 0.407 5.199
0.212 0.858 0.056 0.410 5.238
0.220 0.856 0.056 0.412 5.144
0.312 0.892 0.059 0.418 5.167
0.303 0.889 0.059 0.418 5.170
0.365 0.908 0.060 0.422 5.201
0.365 0.912 0.060 0.422 5.283
0.382 0.913 0.060 0.422 5.212
0.388 0.903 0.061 0.423 4.950*
0.459 0.925 0.063 0.427 5.078*
0.479 0.918 0.063 0.428 4.766*
0.483 0.937 0.063 0.428 5.308
0.571 0.950 0.064 0.430 5.233
0.543 0.945 0.065 0.432 5.235
0.588 0.944 0.066 0.434 4.917*
98
TABLE 1 (Cont)
0.027 0.624 0.051 0.406 5.459
0.050 0.721 0.052 0.408 5.518
0.105 0.814 0.053 0.412 5.601
0.116 0.817 0.054 0.412 5.511
0.193 0.876 0.055 0.418 5.673
0.194 0.865 0.056 0.418 5.489
0.276 0.896 0.058 0.423 5.478
0.285 0.893 0.058 0.424 5.369
0.367 0.926 0.060 0.429 5.637
0.368 0.923 0.060 0.429 5.572
0.021 0.631 0.051 0.414 5.772
0.043 0.740 0.052 0.416 5.859
0.101 0.841 0.053 0.420 5.997
0.097 0.826 0.053 0.419 5.855
0.181 0.870 0.055 0.425 5.675
0.172 0.880 0.055 0.425 5.908
0.265 0.913 0.057 0.431 5.936
0.272 ' 0.909 0.058 0.431 5.798
0.368 0.936 0.060 0.438 5.963
0.368 0.930 0.060 0.438 5.774
TABLE 2
Hydr ogen-Magnesium exchange, 81 DVB
c = 3.975 equiv kg l, <}■ = 2.75 equiv dm 3, C = 0.099 equiv dm-3
V
:x_
f2
Ln —  Ln V S  fH
15°C 0.055 0.608 0.102 0.490 4.656
0.106 0.721 0.105 0.493 4.737
0.110 0.751 0.105 0.494 4.968
0.179 0.796 0.108 0.498 4.773
0.187 0.786 0.109 0.499 4.602
0.277 0.835 0.113 0.504 4.569
0.267 0.834 0.113 0.504 4.619
0.367 0.876 0.118 0.510 4.645
25 C 0.045 0.609 0.102 0.498 4.897
0.052 0.613 0.102 0.498 4.758
0.114 0.731 0.105 0.502 4.750
0.102 0.729 0.104 0.502 4.863
0.188 0.801 0.109 0.507 4.777
0.247 0.820 0.112 0.511 4.575
0.324 0.872 0.115 0.516 4.838
35°C 0.053 0.626 0.102 0.507 4.839
0.108 0.726 0.105 0.511 4.770
0.103 0.736 0.104 0.511 4.929
0.196 0.805 0.109 0.517 4.759
0.183 0.802 0.108 0.516 4.831
0.248 0.832 0.112 0.521 4.736
0.264 0.841 0.113 0.522 4.752
0.326 0.871 0.116 0.526 4.840
Cont.
100
TABLE 2 (Cont)
0.048 0.638 0.102 0.517 5.036
0.100 0.755 0.104 0.521 5.147
0.110 0.759 0.105 0.522 5.066
0.166 0.813 0.108 0.526 5.110
0.183 0.811 0,109 0.527 4.937
0.239 0.851 0.111 0.531 5.067
0.256 0.863 0.112 0.532 5.139
0.331 0.902 0.116 0.537 5.384
TABLE 3
Hydrogen-Magnesium exchange, 121 DVB
c = 3.741 equiv kg-1, $ = 3.68 equiv dm- 3 , C = 0
_ 3
. 1 0 0 equiv dm
*Mg
I
f2 
t H Ln -7-—
^Mg
15°C 0.051 0.592 0.103 0.491 4.621*
0 . 1 1 0 0.711 0.106 0.495 4.607
0.123 0.727 0.106 0.495 4.610
0.168 0.763 0.109 0.498 4.517
0.170 0.767 0.109 0.499 4.539
0.267 0.815 0.114 0.505 4.382
0.267 0.822 0.114 0.505 4.460
0.350 0.848 0.118 0.510 4.296
n *
25 C 0.050 0.618 0.103 0.499 4.820
0 . 1 0 0 0.728 0.105 0.503 4.883
0.111 0.727 0.106 0.503 4.750
0.173 0.784 0.109 0.507 4.706
0.183 0.795 0.109 0.508 4.738
0.260 0.836 0.113 0.513 4.698
0.263 0.833 0.113 0.513 4.637
35°C 0.045 0.635 0 . 1 0 2 0.508 5.079
0.089 0.727 0.105 0.511 5.016
0.095 0.737 0.105 0.512 5.023
0.166 0.794 0.108 0.516 4.884
0.178 0.808 0.109 0.517 4.940
0.257 0.850 0.113 0.522 4.917
0.269 0.858 0.114 0.523 4.963
0.329 0.871 0.117 0.527 4.796
JLUZ
TABLE 4
Hydrogen-Magnesium exchange, 201 DVB
c = 3.776 equiv kg”’l, <j) = 4.02 equiv dm”3, C = 0
—  3
.100 equiv dm
- I Ln 3 _  
Mg
15°C 0.056 0.584 0.103 0.491 4.484*
0.103 0.689 0.105 0.494
*
4.514
0.112 0.682 0.106 0.495 4.355
0.179 0.740 0.109 0.499 4.217
0.190 0.732 0.110 0.500 4.062
0.264 0.776 0.113 0.505 3.960
0.288 0.792 0.115 0.506 3.981
0.358 0.818 0.118 0.510 3.863
25°C 0.054 0.598 0.103 0.499 4.624
0.117 0.702 0.106 0.504 4.468
0.118 0.728 0.106 .0.504 4.668*
0.177 0.749 0.109 0.508 4.328
0.182 0.744 0.109 0.508 4.233
0.264 0.801 0.113 0.513 4.239
0.281 0.798 0.114 0.514 4.091
0.341 0.822 0.117 0.518 4.020
0.363 0.842 0.118 0.519 4.148
45°C 0.105 0.730 0.105 0.523 4.862
0.105 0.749 0.105 0.523 5.028
0.177 0.792 0.109 0.528 4.778
0.190 0.784 0.110 0.529 4.593
0.241 0.819 0.112 0.532 4.628
0.267 0.837 0.114 0.534 4.679
0.337 0.858 0.117 0.538 4.554
1U.5
TABLE 5
Hydrogen-Calcium exchange, 8% DVB
c = 3.695 equiv kg”1, cj) = 2.64 equiv dm”3, C = 0.050 equiv dm”3
^ a *Ca I
f2
I n ?
Ca
T fH Ln----- * - r—
fr^Ca Ca
15°C 0.020 0.633 0.050 0.389 5.791
0.022 0.658 0.050 0.389 5.871
0.090 0.832 0.052 0.394 5.992
0.165 0.883 0.054 0.399 V 6.004
0.181 0.894 0.054 0.400 I 6.085
0.259 0.918 0.056 0.405 ( 6.079
0.254 0.921 0.056 0,404 ; 6.191
0.349 0.922 0.058 0.410 5.630*
0.357 0.940 0.059 0.411 6.122
25°C 0.015 0.624 0.050 0.396 6.018
0.028 0.722 0.050 0.396 6.141
0.081 ' 0.837 0.052 0.400 6.185
0.168 0.894 0.054 0.406 6.202
0.160 0.894 0.054 0.405 6.267
0.254 0.925 0.056 0.411 6.299
0.249 0.924 0.056 0.411 6.309
0.357 0.944 0.059 0.418 6.281
0.360 0.927 0.059 0.418 5.703*
35°C 0.013 0.634 0.050 0.403 6.292
0.026 0.736 0.050 0.404 6.354
0.086 0.856 0.052 0.408 6.400
0.166 0.906 0.054 0.413 6.484
0.167 0.909 0.054 0.413 6.545
0.263 0.933 0.056 0.420 6.482
0.253 0.929. 0.056 0.419 6.436
0.347 0.943 0.058 0.425 6.318*
0.364 0.931 0.059 0.426 5.809*
Cont.
JLU4
TABLE 5 (Cont)
0.011 0.639 0.050 0.411 6.513
0.020 0.734 0.050 0.411 6.601
0.077 0.863 0.052 0.416 6.641
0.158 0.913 0.054 0.421 6.711
0.158 0.916 0.054 0.421 6.797
0.252 0.939 0.056 0.427 6.757
0.253 0.941 0.056 0.428 6.825
0.348 0.934 0.058 0.434 5.989*
0.356 0.951 0.059 0.434 6.565*
105
TABLE 6
Hydrogen-Calcium exchange, 8% DVB
c = 3.848 equiv kg 1 , <f> = 2.69 equiv dm 3, C= 0.099 equiv dm 3
*Ca *Ca I
f2
Ln Ln 
Ca
M  fH
%  -Xca'^
15°C 0.027 0.656 0.101 0.488 5.749 ■■
0.082 0.785 0.103 0.492 5.650
0.090 0.789 0.104 0.492 5.589
0.183 0.861 0.109 0.498 5.587
0.163 0.853 0.107 0.497 5.642
0.257 0.896 0.112 0.503 5.678
0.248 0.891 0.112 0.502 5.651
0.330 0.908 0.116 0.507 5.489
25°C 0.040 0.699 0.101 0.497 5.681
0.030 0.695 0.101 0.497 5.971
0.094 0.806 0.104 0.501 5.733
0.076 0.785 0.103 0.500 5.753
0.156 0.860 0.107 0.505 5.804
0.224 0.891 0.111 0.510 5.812
0.337 0.918 0.116 0.517 5.691
35°C 0.024 0.667 0.101 0.505 5.988
0.103 0.825 0.105 0.511 5.864
0.092 0.805 0.104 0.510 5.756
0.153 0.849 0.107 0.514 5.682
0.151 0.870 0.107 0.514 6.014
0.230 0.891 0.111 0.520 5.777
0.242 0.902 0.111 0.520 5.930
0.324 0.907 0.115 0.526 5.517
Cont.
106
TABLE 6 (Cont)
0.031 0.721 0.101 0.516 6.165
0.073 0.821 0.103 0.519 6.222
0.084 0.806 0.104 0.520 5.892
0.170 0.875 0.108 0.526 5.950
0.163 0.883 0.108 0.526 6.153
0.240 0.901 0.111 0.531 5.919
0.240 0.926 0.111 0.531 6.533
TABLE 7
Hydrogen-Strontium exchange, 81 DVB
c = 3.637 equiv kg-1, <{> = 2.60 equiv dm"3, C = 0.050 equiv dm"3
V *Sr
I
f2
T HLn ~j*—  
Sr
. *Sr’*H fH Ln .£
^  #^ Sr Sr
15°C 0.028 0.733 0.051 0.390 6.228
0.095 0.862 0.052 0.394 6.368
0.074 0.864 0.052 0.393 6.684
0.161 0.894 0.054 0.399 6.256
0.177 0.910 0.054 0.400 6.457
0.264 0.937 0.056 0.405 6.585
0.251 0.931 0.056 0.404 6.478
0.341 0.946 0.058 0.410 6.442
25°C 0.005 0.535 0.050 0.395 6.640
0.021 0.768 0.050 0.396 6.882
0.022 0.743 0.050 0.396 6.608
0.089 0.869 0.052 0.401 6.558
0.065 0.865 0.051 0.399 6.856
0.156 0.912 0.054 0.405 6.700
0.156 0.906 0.054 0.405 6.551
0.239 0.932 0.056 0.411 6.588
0.259 0.942 0.056 0.412 6.811
0.366 0.946 0.059 0.418 6.286
35°C 0.028 0.770 0.050 0.404 6.615
0.074 0.863 0.052 0.407 6.677
0.083 0.875 0.052 0.408 6.743
0.150 0.922 0.054 0.412 7.008
0.182 0.913 0.054 0.414 6.510
0.233 0.937 0.056 0.418 6.796
0.238 0.943 0.056 0.418 6.964
0.351 0.959 0.059 0.425 6.966
Cont.
lUb
TABLE 7 (Cont)
0.021 0.728 0.050 0.412 6.529
0.095 0.892 0.052 0.417 6.908
0,062 0.887 0.051 0.415 . 7.321
0.134 0.961 0.053 0.420 8.587
0.155 0.916 0.054 0.421 6.822
0.252 0.940 0.056 0.428 6.785
0.323 0.974 0.058 0.432 8.068
109
TABLE 8
Hydrogen-Strontium exchange, 8% DVB
c = 3.626 equiv kg"*1, 4> = 2.69 equiv dm”3, C = 0.100 equiv dm 3
/ S r V I
f2-Lit
Ln " Ln 
Sr
fH
%
15°C 0.036 0.717 0.102 0.490 5.927
0.098 0.823 0.105 0.494 5.868
0.097 0.822 0.105 0.494 - 5.888
0.178 0.874 0.109 0.499 5.838
0.180 0.875 0.109 0.499 5.840
0.270 0.908 0.114 0.505 5.856
25°C 0.037 0.737 0.102 0.498 6.090
0.047 0.761 0.102 0.499 6.039
0.097 0.834 0.105 0.502 6.050
0.097 0.832 0.105 0.502 6.013
0.157 0.879 0.108 0.506 6.103
0.164 0.881 0.108 0.507 6.093
0.317 0.936 0.116 0.516 6.332
35°C 0.035 0.732 0.102 0.507 6.119
0.091 0.829 0.105 0.511 6.070
0.084 0.819 0.104 0.511 6.036
0.194 0.888 0.110 0.518 5.984
0.177 0.882 0.109 0.517 6.009
0.249 0.907 0.113 0.522 5.993
0.250 0.920 0.113 0.522 6.292
0.348 0.927 0.118 0.528 5.874
Cont.
TABLE 8 (Cont)
0.018 0.725 0.101 0.516 . 6.748
0.093 0.852 0.105 0.522 6.359
0.091 0.833 0.105 0.522 6.135
0.158 0.900 0.108 0.526 6.525
0.132 0.883 0.107 0.524 6.443
0.164 0.897 0.108 0.527 6.417
0.230 0.912 0.112 0.531 6.251
0.256 0.916 0.113 0.533 6.170
0.336 0.931 0.117 0.538 6.075
Ill
TABLE 9
Hydrogen-Barium exchange, 81 DVB
c = 3.616 equiv kg , <J) = 2.64 equiv dm , C = 0.050 equiv dm
Ba *Ba I
f2 
Ln Hai r*
Ba
J-ill • r
\  *^Ba Ba
1S°C 0.007 0.791 0.050 0.388 8.228
0.007 0.801 0.050 0.388 8.332
0.068 0.913 0.051 0.392 7.745
0.063 0.924 0.051 0.392 8.100
0.155 0.949 0.054 0.398 7.839
0.153 0.941 0.054 0.398 7.539
0.245 0.955 0.056 0.404 7.418
0.256 0.957 0.056 0.405 7.417
25°C 0.006 0.785 0.050 0.395 8.271
0.007 0.779 0.050 0.395 8.110
0.058 0.900 0.051 0.399 7.635
0.064 0.911 0.051 0.399 7.766
0.148 0.942 0.053 0.405 7.632
0.147 0.948 0.053 0.405 7.853
0.242 0.948 0.056 0.411 7.141
0.233 0.956 0.056 0.410 7.527
0.335 0.978 0.058 0.417 8.343
35°C 0.044 0.723 0.051 0.405 5.685
0.008 0.817 0.050 0.403 8.357
0.057 0.904 0.051 0.406 7.741
0.074 0.917 0.052 0.407 7.738
0.155 0.946 0.054 0.413 7.730
0.143 0.939 0.053 p.412 7.567
0.244 0.957 0.056 0.419 7.499
0.246 0.960 0.056 0.419 7.639
Cont.
11Z
TABLE 9 (Cont)
0.004 0.822 0.050 0.410 9.090
0.002 0.793 0.050 0.410 9.712
0.060 0.920 0.051 0.414 8.069
0.062 0.936 0.051 0.415 8.486
0.153 0.961 0.054 0.421 8.439
0.147 0.955 0.053 0.421 8.164
0.236 0.985 0.056 0.427 9.960
0.245 0.962 0.056 0.427 7.756
TABLE 10
Hydrogen-Barium exchange, 8% DVB
— 1 — 3 — 3
c = 3.655 equiv kg , <j> = 2.70 equiv dm , G = 0.100 equiv dm
XBa XBa I T ^  Ln -p—Ba
. ^Br'^H fHLn .. —
*£ #XBa Ba
15°C 0.011 0.750 0.101 0.488 7.485
0.071 0.881 0.104 0.492 7.111
0.043 0.864 0.102 0.490 7.403
0.152 0.925 0.108 0.497 7.171
0.157 0.920 0.108 0.498 6.975
0.241 0.940 0.112 0.503 6.931
0.223 0.943 0.111 0.502 7.174
25°C 0.009 0.750 0.101 0.496 7.703
0.013 0.782 0.101 0.496 7.611
0.068 0.879 0.103 0.500 7.151
0.070 0.890 0.104 0.500 7.316
0.121 0.914 0.106 0.504 7.177
0.137 0.918 0.107 0.505 7.106
0.211 0.941 0.111 0.510 7.181
0.244 0.945 0.112 0.512 7.093
0.309 0.953 0.116 0.516 7.011
0.329 0.962 0.117 0.517 7.338
35°C 0.010 0.757 0.101 0.505 7.617
0.069 0.894 0.104 0.510 7.413
0.150 0.938 0.108 0.515 7.595
0.157 0.948 0.108 0.516 7.876
0.216 0.965 0.111 0.520 8.233
0.236 0.958 0.112 0.521 7.730
0.289 0.963 0.115 0.524 7.636
Cont.
TABLE 10 (Cont)
0.044 0.886 0.102 0.518 7.780
0.064 0.925 0.103 0.520 8.235
0.104 0.945 0.105 0.523 8.322
0.226 0.946 0.111 0.531 7.297
0.225 0.968 0.111 0.531 8.355
JLJLD
TABLE 11
Sodium-Magnesium exchange, 8% DVB
c = 3.761 equiv kg”1, <f> = 2.96 equiv dm 3, C = 0.051 equiv dm 3
* * *Mg
I
f2
L n J ^  Ln 
Mg
^Mg'^Na fNa
15°C 0.051 0.401 0.052 0.395 3.378
0.065 0.484 0.053 0.396 . 3.593
0.077 0.599 0.053 0.397 4.114
0.085 0.617 0.053 0.397 4.121
0.088 0.618 0.053 0.397 4.087
0.105 0.647 0.054 0.398 4.076
0.148 0.750 0.055 0.401 4.476
0.159 0.743 0.055 0.402 4.321
0.234 0.813 0.057 0.407 4.476
0.351 0.873 0.060 0.414 4.593
0.473 0.912 0.063 0.421 4.658
0.504 0.919 0.064 0.423 4.643
0.709 0.947 0.069 0.434 ' 4.112*
25°C 0.031 0.407 0.052 0.400 3.952
0.041 0.456 0.052 0.401 3.956
0.048 0.513 0.052 0.401 4.100
0.061 0.604 0.053 0.402 4.413
0.073 0.641 0.053 0.403 4.478
0.076 0.647 0.053 0.403 4.461
0.076 0.657 0.053 0.403 4.548
0.111 0.722 0.054 0.406 4.608
0.223 0.829 0.057 0.413 4.752
0.295 0.862 0.059 0.418 4.749*
0.463 0.910 ’ 0.063 0.428 4.672*
0.530 0.925 0.065 0.432 4.663*
0.631 0.943 0.067 0.437 4.560*
Cont.
TABLE 11 (Cont)
0.022 0.501 0.051 0.404 4.880
0.024 0.595 0.051 0.405 5.354
0.028 0.610 0.051 0.405 5.314
0.026 0.612 0.051 0.405 5.409
0.025 0.618 0.051 0.405 5.465
0.034 0.686 0.051 0.405 5.663
0.067 0.775 0.052 0.408 5.691
0.081 0.800 0.052 0.409 5.752-
0.135 0.852 0.054 0.412 5.787
0.218 0.893 0.056 0.418 5.818
0.305 0.912 0.058 0.423 5.654
0.479 0.935 0.062 0.434 5.282
0.567 0.956 0.064 0.439 5.511
0.633 0.961 0.066 0.443 5.346
0.024 0.425 0.052 0.416 4.342
0.029 0.477 0.052 0.416 4.450
0.047 0.587 0.052 0.417 4.619
0.050 0.623 . 0.052 0.417 4.787
0.051 0.629 0.052 0.417 4.816
0.058 0.649 0.053 0.418 4.803
0.082 0.712 0.053 0.420 4.897
0.126 0.774 0.054 0.423 4.937
0.183 0.825 0.056 0.427 5.018
0.235 0.854 0.057 0.430 5.034
0.373 0.893 0.061 0.439 4.857
0.482 0.916 0.063 0.446 4.715
0.546 0.936 0.065 0.450 4.899
0.612 0.942 0.067 0.454 4.679
± J L /
TABLE 12
Sodiuro-Magnesium exchange, 8% DVB
c = 3.72 equiv kg”1, <{> ~ 3.13 equiv (3m”3, C -= 0.100 equiv dm 3
*Mg V I Ln Ln Mg W ^ a  £Na ^ a ’Xmg
15°C 0.026 0.293 0.101 0.488 3.567
0.033 0.342 0.101 0.489 3.613
0.062 0.482 0.103 0.491 3.728
0.102 0.589 0.105 0.494 3.817
0.142 0.653 0.107 0.496 3.831
0.199 0.725 0.110 0.500 3.931
0.280 0.803 0.114 0.505 4.153
0.366 0.844 0.118 0.510 4.159
0.449 0.879; 0.122 0.515 4.223
0.541 0.904 0.127 0.520 4.169
0.633 0.930 0.131 0.525 4.236
25°C 0.025 0.323 0.101 0.497 3.785
0.069 0.527 0.103 0.500 3.894
0.091 0.588 0.104 0.501 3.941
0.125 0.650 0.106 0.504 3.988
0.209 0.754 0.110 0.509 4.126
0.277 0.799 0.114 0.514 4.129
0.358 0.851 0.118 0.519 4.305
0.465 0.886 0.123 0.525 4.266
0.546 0.916 0.127 0.529 4.428
0.644 0.939 0.132 0.534 4.423
Cont.
JLJLO
TABLE 12 (Cont)
0.026 0.359 0.101 • 0.506 3.973
0.068 0.556 0.105 0.509 4.087
0.087 0.601 0.104 0.510 4.102
0.120 0.662 0.106 0.513 4.135
0.191 0.752 0.109 0.518 4.249
0.278 0.814 0.114 0.523 4.310
0.346 0.853 0.117 0.527 4.416
0.445 0.888 0.122 0.533 4.424
0.554 0.922 0.127 0.540 4.531
0.639 0.942 0.132 0.544 4.576
0.017 0.298 0.101 0.516 4.082
0.055 0.531 0.103 0.519 4.197
0.082 0.607 0.104 0.521 4.221
0.119 0.673 0.106 0.523 4.242
0.184 0.758 0.109 0.528 4.368
0.280 0.825 0.114 0.534 4.438
0.360 0.860 0.118 0.539 4.453
0.437 0.898 0.122 0.544 4.668
0.634 0.946 0.131 0.555 4.779
TABLE 13
Sodium-Calcium exchange, 8% DVB
—  1 —  3  —  3
c = 3.761 equiv kg , 4> = 2.96 equiv dm , C = 0.050 equiv dm
*Ca I
f2 T Na Ln -t :—
Ca
T
Ln - 2 ’r ~  
* £ a - * C a  Ca
15°C 0.015 0.470 0.051 0.390 5.069
 ^ 0.018 0.487 0.051 0.390 5.011
I * 0.024 0.511 0.051 0.390 4.848
* 0.029 0.597 0.051 0.391 5.179
0.031 0.609 0.051 0.391 5.199
0.042 0.681 0.051 0.392 5.368
0.044 0.679 0.051 0.392 5.318
0.104 0.805 0.053 0.396 5.487
0.114 0.813 0.053 0.396 5.471
0.230 0.888 0.056 0.404 5.618
0.351 0.915 0.059 0.411 5.441*
0.413 0.928 0.060 0.415 5.428*
0.513 0.943 0.063 0.421 5.326*
0.647 0.944 0.066 0.428 4.478*
25°C 0.017 0.536 0.051 0.397 5.353
0.019 0.552 0.051 0.397 5.329
0.028 0.631 0.051 0.397 5.450
0.029 0.638 0.051 0.398 5.445
0.037 0.679 0.051 0.398 5.508
0.054 0.727 0.051 0.399 5.496
0.066 0.766 0.052 0.400 5.618
0.086 0.797 0.052 0.401 5.636
0.125 0.841 0.053 0.404 5.731
0.191 0.879 0.055 0.408 5.743
0.268 0.906 0.057 0.413 5.731
0.404 0.930 0.060 0.422 5.526*
0.477 0.941 0.062 0.426 5.480*
0.591 0.958 0.065 0.432 5.450*
Cont.
TABLE 13 (Cont)
35°C 0 . 0 2 2 0.501 0.051 0.404 4.880
0.024 0.595 0.051 0.405 5.354
0.028 0.610 0.051 0.405 5.314
0.026 0.612 0.051 0.405 5.409
0.067 0.775 0.052 0.408 5.691
0.025 0.618 0.051 0.405 .5.465
0.034 0 . 6 8 6 0.051 0.405 5.663
0.081 0.800 0.052 0.409 5.752
0.135 0.852 0.054 0.412 5.787
0.218 0.892 0.056 0.418 5.818
0.305 0.912 0.058 0.423 5.654
0.479 0.935 0.062 0.434 5.282
0.567 0.956 0.064 0.439 5.511
0.633 0.961 0.066 0.443 5.346
45°C 0.006 0.359 0.050 0.412 5.310
0.017 0.548 0.051 0.412 5.428
0 . 0 2 2 0.625 0.051 0.413 5.680
0.028 0.655 0.051 0.413 5.643
0.037 0.706 0.051 0.414 5.726
0.043 0.734 0.051 0.414 5.825
0.060 0.771 0.052 0.415 5.787
0.113 0.844 0.053 0.419 5.908
0.136 0.858 0.054 0.421 5.880
0.245 0.905 0.056 0.428 5.891
0.578 0.958 0.065 0.449 5.564*
0.615 0.962 0.066 0.451 5.549*
X.L1.
TABLE 14
Sodium-Calcium exchange, 81 DVB
c = 3.761 equiv kg”1, <J> = 3.13 equiv dm” 3 , 6  = 0 .1 0 0 equiv dm 3
XCa XCa I
f2
Ca
Ln *Ca *Na fNa 
^a-XCa’fca
15°C 0 . 0 1 6 0.149 0 . 1 0 1 0.488 2.981
0.028 0.271 0 . 1 0 1 0.489 3.340
0.033 0.387 0 . 1 0 2 0.489 3.865
0.052 0.495 0.103 0.490 3.996
0.103 0.654 0.105 . 0.494 4.249
0.142 0.706 0.107 0.497 4.246
0.217 0.770 0.111 0.501 4.211
0.309 0.807 0.115 0.507 4.024
0.403 0.832 0 . 1 2 0 0.513 3.772
0.757 0.923 0.138 0.531 3.018
0.853 0.931 0.143 0.536 2.138
0.911 0.957 0.146 0.537 2.032
25°C 0.026 0.300 0 . 1 0 1 0.497 3.586
0.033 • 0.351 0 . 1 0 2 0.498 -3.645 - -
0.053 0.482 0.103 0.499 3.922
0.096 0.678 0.105 0.502 4.519
0.137 0.722 0.107 0.505 4.430
0.225 0.782 0.111 0.510 4.292
0.310 0.820 0.115 0.516 4.180
0.402 0.852 0 . 1 2 0 0.521 4.071
0.499 0.871 0.125 0.527 3.792
0.603 0.882 0.130 0.532 3.336
0.756 0.919 0.138 0.540 2.947
0.907 0.955 0.145 0.547 2.064
Cont.
TABLE 14 (Cont)
35°C 0.014 0.243 0 . 1 0 1 0.506 3.870
0.024 0.367 0 . 1 0 1 0.506 4.113
0.026 0.466 0 . 1 0 1 0.506 4.609
0.046 0.574 0 . 1 0 2 0.508 4.639
0.049 0.587 0 . 1 0 2 0.508 4.668
0.099 0.697 0.105 0.512 4.633
0.135 0.730 0.107 0.514 4.533
0.219 0.790 0.111 0.520 4.428
0.316 0.829 0.116 0.526 4.267
0.412 0.858 0 . 1 2 1 0.532 4.109
0.509 0 . 8 6 6 0.126 0.537 3.670
0.593 0 . 8 8 8 0.130 0.542 3.522
0.758 0.923 0.138 0.551 3.055
0.902 0.963 0.145 0.558 2.585
45°C 0.006 0.161 0 . 1 0 0 0.515 4.138
0 . 0 2 0 0.415 0 . 1 0 1 0.516 4.567
0.026 0.475 0 . 1 0 1 0.517 4.651
0.048 0.612 0 . 1 0 2 0.518 4.865
0.095 0.714 0.105 0.522 4.847
0.137 0.760 0.107 0.525 4.802
0.215 0.814 0.111 0.530 4.739
0.305 0.855 0.115 0.536 4.710
0.397 0.878 0 . 1 2 0 0.542 4.532
0.492 0.898 0.125 0.547 4.356
0.594 0.914 0.130 0.553 4.080
0.691 0.920 0.135 0.558 3.548
0.921 0.951 0.146 0.570 1.569
TABLE 15
Sodium-Calcium exchange, 81 DVB
c = 3.761 equiv kg’"1, (j> = 3.03 equiv dm-3, C = 0.151 equiv dm” 3
*Ca *Ca I n ALn -7^—— Ca
j V  *Na fNaLn —
^ a ‘*Ca Ca
15°C 0.043 0.450 0.155 0.546 4.003
0.029 0.260 0.154 0.545 3.293
0.064 0.542 0.156 0.548 4.118
0.068 0.562 0.157 0.548 4.171
0.123 0.665 0.161 0.551 4.158
0.163 0.703 0.164 0.553 4.086
0.261 0.778 0.171 0.559 4.053
0.340 0.814 0.177 0.563 3.971
0.435 0.852 0.184 0.568 3.914
0.532 0.878 0.192 0.572 3.766
0.611 0.885 0.198 0.575 3.392
0.727 0.919 0.207 0.580 3.241
0.821 0.939 0.214 0.584 2.876
0.917 0.934 0 . 2 2 1 0.587 1.072
25°C 0.015 0.237 0.153 0.554 3.812
0.024 0.378 0.153 0.554 4.227
0.056 0.550 0.156 0.557 4.320
0.128 0.687 0.161 0.561 4.288
0.162 0.724 0.164 0.563 4.279
0.215 0.764 0.168 0.566 4.245
0.336 0.830 0.177 0.572 4.207
0.423 0.864 0.184 0.577 4.182
0.510 0.885 0.190 0.581 4.037
0.626 0.900 0.199 0.586 3.578
0.671 0.911 0 . 2 0 2 0.588 3.512
Cont.
TABLE 15 (Cont)
0.035 0.488 0.154 0.577 4.474
0.062 0.590 0.156 0.579 4.481
0.069 0.624 0.157 0.579 4.598
0.081 0.649 0.158 0.580 4.588
0.088 0.668 0.158 0.581 4.631
0.112 0.708 0.160 0.582 4.652
0.114 0.709 0.160 0.582 4.633
0.194 0.790 0.166 0.587 4.687
0.279 ' 0.837 0.173 * 0.592 4.670
0.369 0.870 0.179 0.597 4.614
0.555 0.911 0.194 0.606 4.331
0.668 0.914 0.202 0.611 3.629
TABLE 16
Sodium-Barium exchange, 81 DVB
g = 3.72 equiv kg 1 , <J) = 2.96 equiv dm 3, C = 0.050 equiv dm-3
Ba *Ba I
f2
Ln Na *Ba-:XNa fNajjll p
Ba
Ul ■ ■ •
^ a ’*Ba Ba
15°C 0.016 0.718 0.050 0.390 6.686
0.024 0.775 0.051 0.390 6.808
0.109 0.899 0.053 0.396 6.861
0.123 0.907 0.053 0.397 6.882
0.198 0.924 0.055 0.402 6.663
0.198 0.929 0.055 0.402 6.801
25°C 0.013 0.697 0.050 0.396 6.742
0.034 0.817 0.051 0.397 6.913
0.088 0.893 0.052 0.401 6.998
0.081 0.893 0.052 0.401 7.088
0.186 0.930 0.055 0.408 6.930
0.185 0.923 0.055 0.408 6.727
0.279 0.942 0.057 0.414 6.677
35°C 0.013 0.716 0.050 0.403 6.881
0.027 0.801 0.051 0.404 6.970
0.109 0.908 0.053 0.410 7.067
0.099 0.900 0.052 0.410 7.010
0.181 0.929 0.055 0.415 6.934
0.180 0.927 0.055 0,415 6.899
45°C 0.014 0.707 0.050 0.412 6.745
0.028 0.813 0.051 0.413 7.069
0.095 0.900 0.052 0.418 7.076
0.103 0.900 0.053 0.418 6.969
0.188 0.934 0.055 0.424 7.036
0.190 0.930 0.055 0.424 6.908
APPENDIX I
The calorimetric results ■which have been given in Table 1, p. 92,
were obtained by use of a non-isothermal calorimeter at an environment
*
of constant temperature with its associated electrical circuitry.
The calorimeter, Fig. 39, p. 127, consists of a thin walled pyrex 
reaction vessel, A, of 100 cm3 capacity. The neck of this vessel is 
attached with 'Araldite' to the lid of a chromium plated brass jacket,
B. A watertight seal was obtained between the lid and the brass jacket 
by using an 'O1 ring and a threaded metal retaining ring. From the 
bottom of the reaction vessel a stout glass pin protruded symmetrically 
upwards. At the sides of the reaction vessel were two glass pockets, 
and C2 , one of which contained a heating coil immersed in transformer 
oil and the other a thermistor also immersed in transformer’oil. The 
heating coil and the thermistor were connected to the external 
circuitry by means of a five pin cannon plug. The stirrer passed 
vertically through the lid of the jacket and was connected to the 
stirring shaft in such a way that the stirrer could be lowered, and 
the ampoule held in the ampoule holder of the stirrer broken, on the 
glass pin, without interrupting the stirring. The glass ampoule 
(1.5 x 1.0 cm) was so constructed that the two flat ends of thin glass 
broke easily, so that the main body of the ampoule remained undisturbed 
in the holder after breaking, thus reducing the possibility of extra 
heating effects. The stirrer was connected via a neoprene belt to the 
shaft of a synchronous motor. The speed of the stirring was 600 rpm.
At this speed thermal equilibrium was quickly attained in the 
calorimeter while the heat of stirring was minimal.
*
The calorimeter, its associated electrical circuitry and the 
calculation involved, have been fully described in Ref. 67.
/Fig. 39
Non-Isothemal Calorimeter
Cannon plug
Jacket B
Calibration heater
Thermistor
Reaction vessel A
Stirrer
Ampoule breaker
The calorimeter in its brass jacket was completely immersed in a 
thermostat bath in which the temperature was controlled to 25 ± 0.001°C 
by means of a TRONAC precision theimostat. The bath temperature was 
observed by a mercury in glass thermometer calibrated in hundredths 
of a degree.
In order to measure the temperature of the solution in the reaction, 
the resistance of the themistor which was in pocket was determined 
using a Wheatstone bridge circuit (Fig* ’40). Resistors R^ and R2 were 
1000ft Croydon precision instrument substandards, resistor Rg was the 
thermistor and R^ was a precision six-dial decade resistance box 
(Croydon type RB6).
The heating coil was connected to the electrical calibration 
circuit, Fig. 41, and the current through the heater was adjusted by 
means of an external variable series resistance Rg (Fig. .41). A 
stabilized 20 volt DC power supply provided a steady current through a 
dummy heater, Rg, which was equal in resistance to the heater R^. On 
closing the double pole switch, the current was diverted through the 
heater and simultaneously a hundredth-second transistorised timer was 
started. The exact current flowing through the heater was determined 
by measuring the potential drop across a 100ft standard resistance, Rg, 
in series with the heater.
(a) Water calibration procedure
The calorimeter vessel was filled with distilled water (100 dm3) 
and the temperature brought to just under 25°C. It was then sealed in 
its brass jacket and immersed in the 25°C thermostat and the stirrer 
switched on. After leaving for 15 minutes, a split-second stopwatch 
was started. Readings of thermistor resistance, Rg, were taken when the
Fig. 40
Thermistor Bridge Circuit
B
GALVO
2 V. D.C.
Fig. 41
Electrical Calibration Circuit 
to p o t e n t i o m e t e r
mA
20 V. 
D.C.
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needle of the null detector was on zero. This shows the system to be at
equilibrium. The time required for successive drops of 0.02ft in
resistance was recorded. These readings were continued for about five
minutes, after which the heater current was switched on at a time, t^ .
The potential drop across the standard resistance, Rg, was measured and
recorded, the current was then switched off at a time tp A few values
of theimistor resistance were also taken during the heating period.
After switching off the current the resistance-time values were noted for
another five monutes. The heating time, recorded on the electronic relay
operated stop-clock, was noted. A plot of resistance against time was
drawn (Fig. 42) . The part of the plot before the heating current was
switched off is called the pre-rating curve, and the part of the plot
after switching off the heating current is called the post-rating curve.
A time, t , was found to which both pre-rating and post-rating curves
were extrapolated such that the shaded areas 1 and 2 were equal (see
Fig. 42)^ For water calibration t = 0.5 (t^-t^)5^  The ’corrected1
ARtemperature change was calculated from the ratio of = A0 where
m
AR = Ri ** Rf 311(1 ^  = CR£ + Rf)/2.
If the total heat capacity e of the calorimeter is defined as the 
quantity of heat required to raise the temperature of the calorimeter 
by one degree and if, in the calibration, Q joules of electrical energy 
produces a ’corrected1 temperature change A0 degrees in the calorimeter, 
then
Q = eA6 = % l2t (1-1)
where t is the heating time and the current I was evaluated by measuring 
the potential drop, E, across the standard resistor, Rg. Therefore
Fig. 42
Resistance - time plot for water calibration
Thermistor A0 AR.
resistance 0.5At
0 t. t t
time (mins)
«--- At-----►
where
and
ktE2e = ---
A0
The above water calibration procedure can provide a means of 
checking the functioning and reproducibility of the complete calorimetric 
system.
(b) Ion exchange reaction
The heat effect observed at the time of the ion exchange reaction 
-experiment was compared with that observed when a known amount of heat 
was evolved in the calorimeter. The calibration was supplied by electrical 
heating. Ideally, the reaction and calibration experiments should give 
identical time temperature curves. However, in practice this is not 
always possible.
There are two processes involved in each enthalpy measurement.
(i) The measurement of the temperature change (actually resistance 
change) produced by a known chemical reaction in the calorimeter, i.e.
Qr = eA0R (1-3)
where and A0 ^ are the total heat and Corrected1 temperature change 
respectively for the reaction.
(ii) The reproduction in the same system of, as nearly as possible, 
the same temperature change by a known amount of electrical energy,
i.e. eqn (1 -2).
From eqns (1-2) and (1-3) the total heat of the reaction, Q^, can 
be obtained. This measured total heat of reaction may be related to the 
standard heat of exchange, AH0  (J equiv 1 ) and the heat of the swelling 
AHS (J equiv-1) by the following relation:
= AH°cw + ABscw (1-4)
where c is the capacity of the resin (equiv kg-1) and w is the weight of 
resin (g) . The value of AH° given in Table 17 is actually the enthalpy 
change for a reaction such as (1-5) at 25°C:
Ni+()^a = 1) + Mg« 2 (0.10 N) + Mg2+ (3^ = 1) (1-5)
+ (mixture of MgC&2 , NaC& of total 0.10 N)
From eqn (I-4) it is implicit that the heat of mixing of solutions 
MgC£ 2 and NaC£ was neglected. Here the resin in Na+ foim and solution of 
MgC£ 2 (0.10 N) are given as an example; for the other AH0  values of 
Table 1 the analogous reactions may be written.
In practice the reaction (1-5) does not go to completion, and after 
the reaction an aliquot of the solution was taken and analysed for Mg 
to determine the amount of exchange which had occurred. For example, when 
the percentage of exchange was 96%, the AH0  value was obtained by 
AH0  = # jn ^ 0  following, the procedures for and AHg
2 +
measurements for Na /Mg (0.1 N) are explained. For other systems, the 
procedure is analogous to this.
The pre-weighed glass ampoule was filled through the small opening 
in its side, with resin in Na+ form (0.5 g) which had been stored at 
501 humidity. The ampoule with resin was accurately weighed to 
± 1 x 1 0 ~ 5 g, the small opening was then sealed with a small rubber plug 
and sealed with wax.
The calorimeter was filled with 0 . 1  N MgC£ 2 (100 ml) and the stirrer, 
holding the sealed ampoule, was put into position. The temperature was 
brought to just under 25°C, and the calorimeter adjusted into its 
jacket. This was immersed in the 25°C thermostat bath. After about 
15 minutes, a pre-rating resistance-time curve was plotted in the same 
way as described for the water calibration experiment for a period of 
five minutes. At time t^ , the stirrer shaft was lowered and the ampoule
broken without interrupting the stirring. Readings of resistance and 
time were continued as quickly as possible, and after equilibration 
(approximately two minutes), readings were continued for five minutes to 
obtain a post-rating curve.
The calorimeter was then removed from the thermostat bath and cooled 
down to the initial temperature and put back into the thermostat bath.
The system was calibrated by passing an amount of electrical heat to the 
calorimeter. The procedure was the same as that described for the water
calibration. The amount and time of heating were chosen so as to obtain
a resistance time curve similar to that of the reaction. From eqns.
(1-2) and (1-3) the total heat of the reaction was calculated.
The heat of swelling was determined by allowing the resin in Na+ form to 
equilibrate with 100 ml solution of NaCfc (0.10 N).
TABLE 17 Calorimetric results for uni-bivalent cation exchange system
Concentration AH AH AH0
System
equiv.dm kj equiv kj equiv kJ equiv
Na+/Mg2+
Na+/Ca2+
Na+/Sr2+
Na+/Ba2+
H+/Mg2+
H+/Ca2+
H+/Sr2+
H+/Ba2+
0.050 2.00 -3.20 5.20
0.100 1.79 -3.18 4.97
0.050 1.48 -3.20 4.69
0.100 1.12 -3.18 4.30
0.050 0.04 -3.20 3.24
0.100 0.46 -3.18 3.64
0.050 -2.40 -3.20 0.80
0.100 -2.52 -3.18 0.65
0.050 -2.99 -4.13 1.14
0.100 -3.33 -4.13 0.80
0.050 -4.61 -4.13 -0.48
0.100 -4.26 -4.13 -0.13
0.050 -5.79 -4.13 -1.66
0.100 -5.18 -4.13 -1.05
0.050 -8.08 -4.13 -3.95
0.100 -7.77 -4.13 -3.64
APPENDIX II
fAThe term Ln - g -  where and are the molar activity coefficients 
+ 2+ g
of A and B respectively in solution phase, was determined by the relation
f ?
Ln = (LnlO)*2*A
f J T
V 1  -  0.31
1^ + /T
where A is the Debye-Hiickel parameter which depends on the temperature 
and I is the ionic strength defined by
I = l  l  c!z2 (II-2)
where c| is the molar concentration of the species i, and the charge 
on that species.
The procedure of producing eqn (II-2) is as follows: consider a dilute 
solution containing the strong electrolytes AX and BX2. For electrolyte AX
AX A+ + X'
2 log f±AX = log fA + log £X (II-3)
or
4 log f±AX " 2 log fX = 2 l0g fA (II-4)
Similarly for salt BX2
BX2 + B2+ + 2X"
3 log f±BX = 2 log fx + log ffi (H-5)
•k
The charges of ion species have been dropped for convenience.
Subtracting eqn (II-5) from (II-4):
4 log f±AX ' 3 l0g f±BX, = log
fZA
(11-63
Application of the empirical equation of Davies
- log f+ = A| Zi*z2 f SI -  0.31
1 + SI
(11-73
to the mixture of AX and BX2 electrolyte solution, for f+^ gives
log f±AX = - 1 x 1 x A x f S i
1 + S I
0.3IJ ( n —83
and for f+g-^  gi-ves
log f±BX, = -1 x 2 x A x
r si
l + SI
-  0.31 (II-9)
Substitution of eqns (II—8) and (II-9) into eqn (II—6 ) gives
SIfAlog - 7 T - = 2 x A x
(L + SI
- 0.31 (11-10)
In general, eqn (II-7) is applicable to solutions of 0.1 ionic strength or
70
less, to within 1 .6 %.
APPENDIX III
Computer output specimen (in FORTRAN) which also includes a print of 
the input data.
Notation used:
V total volume of .the external solution, cm3
EC total normality of the external solution
C weight capacity of resin, equiv Kg
Y1
-l
-3
FI wet volume capacity of resin, equiv dm
A Debye-Huckel parameter ^
W weight of resin sample, g
VJ volume of hydrochloric solution added to the resin sample, cm
BTJ volume of equilibrium solution taken for analysis, cm
VEDJ volume of titrant (NaOH) used for H+ analysis, cm3
EDI normality of titrant
XB XB
XRB XB
h
SI ionic strength of equilibrium solution, I
/i-F2ALn - r—  = 2.3026 x 2 x A 
*B i  + / r
- 0.31
V XA fAYJ Ln -2— 2 • - A
B
ZJ xB
ALPHA slope, eqn (A:5:19)
BETA intercept, eqn (A: 5:19)
OMEGA w, J mol-1, eqn (A: 5:19)
KTL Ln kj,, eqn (A:5:19)
DTGDE AG°, J equiv"1
CF correlation coefficient of fitting YJ against ZJ as a
straight line 
T temperature, K
R gas constant, J mol^K"1
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TABLE 18
Sodium-Magnesium exchange, 0.05 N, 8% DVB
Temperature
°C
— i *a) kJ mol
*
LnKj,
LnKl obtained 
by the 
Gaines-Thomas 
method
15 -5.70 -1.51 0.04
25 -5.33 -1.00 0.53
45 -4.27 .-0.35 0.82
TABLE 19
Sodium-Calcium exchange, 0.05 N, 81 DVB
Temperature
°c
—  1  *
a) kJ mol
l
*
LnKp
LnKj, obtained 
by the 
Gaines-Thomas 
method
15 -3.73 0.16 1.12
25 -2.90 0.63 1.51
45 -3.14 0.80 1.98
These values, on Tables 18, 19, 20and 21 have been obtained after 
discarding the experimental points which are marked with an 
asterisk in the corresponding Tables 1-13.
TABLE 20
Hydrogen-Calcium exchange, 0.05 N, 81 DVB
Temperature
°C
kJ mol 1
*
LnKp
LnKj, obtained 
by the 
Gaines-Thomas 
method
15 -2.46 1,19 3.07
25 -2.05 1.54 3.12
35 -1.70 1.89 2.94
45 -2.36 1.96 3.43
TABLE 21
Hydrogen-Magnesium exchange, 0.05 N, 81 DVB
Temperature
w
°c
kJ mol-1
*
LnKj,
LnKj, obtained 
by the 
Gaines-Thomas 
method
81 DVB
15 -1.73 0.66 2.15
35 -1.39 1.18 2.06
45 -1.57 1.47 2.22
12% DVB
15 5.16 2.56
25 3.38 2.20
35 2.35 2.07
2 0 %  DVB
15 8.40 3.04
25 6.39 2.55
45 7.59 3.32
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